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were  used  to  investigate  (1)  the  kinetics  of  the  reactions  between  amines  and 
epoxies  using  model  compounds  and  (2)  the  microstructure  present  in  amine- 
cured  epoxies.  The  cured  resins  were  studied  close  to  the  glass  transition  as 
a  function  of  temperature  and  as  a  function  of  solvent  content  (methylene 
chloride) . 


DD 


:?N  «  1473 


EDITION  OF  t  NOV  65  IS  OBSOLETE 


_ UNCLASSIFIED _ 

security  CLASSIFICATION  OF  THIS  PAGE  flWien  Dele  Entered) 


_ UNCLASSIFIED _ 

security  classification  of  this  PACEflWiAn  Data  Bnltnd} 


In  the  EPR  experiments,  stable  nitroxide  free  radicals  were  used  as  spin 
labels  and  spin  probes.  The  lineshapes  were  used  to  investigate  the  kinetics 
of  the  initial  addition  reactions  between  the  epoxy  diglycidyl  ether  of 
bisphenol  A  (DGEBA) ,  and  two  model  compounds,  a  secondary  amine  nitroxide  and 
a  tertiary  amine  nitroxide.  The  rate  constants  for  both  reactions  (kj,  k2) 
showed  the  same  temperature  dependence,  viz.,  kj^  £  ~  ^o  "  AE/RT,  where 
ko  =  7.8  X  10^  s~^  and  AE  =  41.5  kJ  rnole”^.  The’equality  of  the  rate  is  tenta¬ 
tively  explained  in  terms  of  solvation  effects  which  reduce  any  differences  in 
reaction  rates  arising  from  either  differences  of  nucleophilic  character  of  the 
amine  or  differences  in  steric  factors  of  the  transition  states. 

In  dry,  cured  epoxy  samples,  the  EPR  llneshape  of  the  spin  probe  could  be 
characterized  by  one  value  of  the  motional  correlation  time.  The  values  of 
the  motional  correlation  time  depended  on  the  average  crosslink  density  and 
obeyed  a  modified  form  of  the  WLF  equation.  On  the  other  hand,  at  some  solvent 
contents,  the  EPR  lineshapes  could  be  resolved  into  two  spectra  associated  with 
a  slow  phase  and  a  fast  phase  indicating  a  bimodal  distribution  of  motional 
correlation  times.  The  amount  of  fast  phase  was  found  to  depend  linearly  on 
solvent  content  but  only  slightly  on  crosslink  density.  The  two  phases  were 
identified  with  nitroxides  located  in  regions  of  different  crosslink  density, 
i.e.,  regions  of  high  crosslink  density  (the  slow  phase)  embedded  in  and  bound 
to  regions  of  low  crosslink  density  (the  fast  phase). 

The  methodology  of  using  nitroxide  amines  to  determine  the  number  of 
unreacted  epoxy  groups  in  an  amine-cured  epoxy  sample  is  described. 

13 

C  NMR  was  used  to  investigate  the  kinetics  of  the  reaction  between 
l,2-epoxy-3-phenoxypropane  (EPOP)  and  N-methybutylamine  (MBA).  The  reaction 
was  found  to  be  third  order  with  the  third  component  being  both  the  hydrogen- 
bond  donors  present  as  Impurities  in  the  initial  reactants  and  the  hydrogen-bond 
donor  (OH)  created  as  a  result  of  the  reaction.  The  rate  constant  at  300  K  for 
the  third-order  reaction  involving  the  hydrogen-bond  donor  created  during  the 
reaction  was  8  x  10“^  mole“2  s-1. 

The  hydrogen  spin-spin  relaxation  times  of  cured  epoxy  polymers  at  high 
temperature  or  saturated  with  methylene  chloride  were  found  to  be  related  to 
the  molecular  weight  between  crosslinks  (crosslink  density) .  Both  mobile  and 
rigid  components  were  observed,  and  the  amount  of  mobile  component  increased 
with  increasing  temperature,  solvent  content,  and  molecular  weight  between 
crosslinks . 
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PREFACE 


This  report  Is  an  account  of  the  work  performed  by  the  McDonnell  Douglas 
Research  Laboratories  on  the  Magnetic  Resonance  Determination  of  Structure  and 
Reaction  Kinetics  of  Epoxy/ Amine  Systems  for  the  Naval  Air  Systems  Command, 
Contract  No.  N00019-80-C-0552,  from  1  October  1980  to  31  December  1981. 

The  work  was  performed  In  the  Chemical  Physics  Department,  managed  by 
Dr.  D.  P.  Ames.  The  principal  Investigators  were  Dr.  I.  M.  Brown  and 
Dr.  A.  C.  Lind;  Dr.  T.  C.  Sandreczkl  was  a  co-lnvestigator.  The  project 
monitor  was  Mr.  R.  Dempsey,  Naval  Air  Systems  Command,  Washington,  DC. 
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INTRODUCTION 


Amine-cured  epoxy  resin  systems  are  widely  employed  as  the  matrix 
materials  for  fibrous  composite  structural  components  in  the  aerospace 
industry.  In  some  of  these  cured  epoxy  resins,  the  crosslink,  density  is 
nonuniform  to  such  an  extent  that  the  polymer  network  can  be  considered  as 
rigid  regions  of  high  crosslink  density  dispersed  in  and  bound  to  a  sur¬ 
rounding  matrix  of  lower  crosslink  density. The  exact  nature  of  this 
heterogeneous  network  may  depend  on  the  relative  rates  of  the  chemical 
reactions  that  play  a  role  in  crosslinking  before  and  after  the  gel  forma¬ 
tion.  In  particular,  unreacted  epoxy  and  amine  groups  may  be  trapped  in  the 
rigid  network. 

In  this  study  we  used  the  magnetic  resonance  spectrometric  techniques, 
electron  paramagnetic  resonance  (EPR)  and  nuclear  magnetic  resonance  (NMR),  to 
obtain  information  about  the  microstructure  present  in  amine-cured  epoxy  net¬ 
works  and  the  rates  of  some  of  the  reactions  relevant  to  the  cure.  In  the  EPR 
part  of  this  work,  nitroxide  free  radicals®  were  used  to  monitor  their  dynamic 
environments  in  the  polymer.  The  nitroxide  was  employed  either  as  a  spin 
label®  where  it  was  covalently  bound  at  a  known  site  on  the  epoxy  or  as  a  spin 
probe  where  it  was  randomly  distributed  throughout  the  polymer. 

The  epoxy  resin  studied  was  the  diglycidyl  ether  of  bisphenol  A  (DGEBA) 
in  the  form  of  the  commercial  resin  DER  332  obtained  from  the  Dow  Chemical 
Company.  The  curing  agents  used  were  the  bifunctional  aliphatic  amine, 
N,N'-dlraethyl-l ,6-diamlnohexane  (DDH),  or  the  tetrafunctional  amine, 

1 , A--diaminobutane  (DAB).  Both  amines  were  used  without  further  purification. 
The  molecular  structures  for  these  compounds  are  shown  in  Figure  1. 

The  following  three  specific  EPR  tasks  were  undertaken  in  this  study: 

(1)  Investigate  and  measure  the  kinetics  of  the  reactions  between 
nitroxide  amines  and  DGEBA. 

(2)  Investigate  the  nature  of  the  microstructure  present  in  the  polymer 
network  of  amine-cured  samples  of  DGEBA. 

(3)  Determine  the  amount  of  unreacted  epoxy  groups  in  cured  samples  of 
DGEBA  using  nitroxide  amines. 
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Figure  1.  Epoxy  resin  and  curing  agents  used  in  the  EPR  experiments. 


The  nitroxlde  amines  used  to  label  DGEBA  in  the  kinetics  experiments  were 
4-methylamlno-2,2,6,6-tetramethylpiperidine-l-oxyl  (METAMIN)  and 
4-dimethylamino-2 ,2,6, 6-tetramethylplperidine-l-oxyl  (DIMETAMIN) .  The 
nitroxlde,  2 , 2 , 6, 6-te traraethyl( 1 , 2, 3,6-tetrahydropyridine)-l-oxyl  (TEMPENE) , 
appeared  as  a  by-product  in  the  labeling  experiments.  The  nitroxlde, 
4-hydroxy-2, 2, 6, 6-tetramethylplperidine-l-oxyl  (TANOL),  was  used  as  a  spin 
probe  in  the  microstructural  investigations.  The  molecular  structures  of 
these  nitroxides  are  shown  in  Figure  2. 

The  following  two  NMR  tasks  were  undertaken  in  this  study: 

(1)  Use  NMR  to  investigate  and  measure  the  kinetics  of  the  reaction 
of  a  mono functional  epoxy  with  a  monofunctional  amine. 

(2)  Use  NMR  to  Investigate  the  relationship  between  the  nuclear 
relaxation  times  and  the  crosslink  density  of  amine-cured  DGEBA. 
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Fi|ur«  2.  Spin  probes  and  spin  labels  used. 
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2.  EPR  EXPERIMENTS  ON  EPOXY  RESINS 


2.1  Nltroxlde-DGEBA  Kinetics 

EPR  methods  were  used  to  measure  the  rates  of  reaction  of  two  nltroxlde 
amines  with  the  epoxy  resin  DGEBA.  These  reactions  were:  (1)  the  binding  of 
METAMIN  to  the  DGEBA  monomer  to  form  the  end  label^  (see  reaction  (1)),  and 
(2)  the  binding  of  the  tertiary  amine  DIMETAMIN  to  the  DGEBA  monomer  to  form 
the  spin-labeled  quaternary  base^  (see  reaction  (2)),  viz., 
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Reaction  (1)  can  be  considered  as  a  model  for  the  initial  step  in  the 
reactions  Involved  in  the  curing  of  an  epoxy  resin  with  a  conventional  amine 
curing  agent.  Similarly,  reaction  (2)  can  be  considered  as  a  model  for  the 
initial  step  in  the  reactions  involved  in  the  catalytic  cure  of  an  epoxy  resin 
with  a  conventional  tertiary  amine  curing  agent. 

In  both  reactions  (1)  and  (2),  the  samples  were  prepared  in  the  following 
manner.  An  amount  of  DGEBA  resin  was  heated  at  ~  328  K  until  all  visible 
monomer  crystals  had  melted.  All  samples  contained  only  small  amounts  of 
nitroxide  (£  0.08  wt%).  The  latter  was  added  to  the  resin  at  room  temperature 
and  was  stirred  thoroughly  until  all  nitroxide  dissolved.  The  sample  was 
degassed  in  a  vacuum  oven  at  room  temperature  for  ~  5  min  before  an  amount 
(•>  0.25  mL)  was  transferred  into  a  3  mm  i.d.  tube. 

The  EPR  spectra  obtained  at  296  K  after  certain  times  into  reaction  (1) 
were  stored  on  magnetic  tape  using  a  data  acquisition  system  (Varlan  E-900). 
These  spectra  can  be  field-shifted,  scaled,  subtracted,  added,  and  Integrated. 
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In  a  typical  sequence  of  spectra  recorded  at  different  times  into 
reaction  (1)  (Figure  3  is  an  example),  it  is  assumed  that  the  spectrum 
recorded  initially  (i.e.,  approximately  16  min  after  mixing)  is  that  of  the 
METAMIN  spin  probe,  whereas  the  spectrum  obtained  at  the  end  of  the  reaction 
(2660  min),  is  that  of  the  end  label.  As  can  be  seen  from  Figure  3,  when  the 
METAMIN  spin  probe  binds  to  the  epoxy  to  form  the  end  label,  the  initial  spin 
probe  spectrum  is  replaced  with  one  having  a  longer  motional  correlation  time, 
i.e.,  a  slower  tumbling  nitroxide  is  formed.  The  problem  is  to  measure  accur¬ 
ately  and  reliably  the  areas  under  the  spectra  associated  with  the  spin  probe 
and  the  end  label  as  the  composite  spectrum  develops  in  time. 

The  following  method  was  found  to  be  both  accurate  and  reliable.  The 
height  of  each  recorded  spectrum  was  measured  at  the  two  field  values  near  the 
low-field  derivative  peak  shown  in  Figure  4,  viz..  A,  B  for  the  end  label.  A', 
B'  for  the  spin  probe,  and  A",  B"  for  the  composite  spectrum.  The  following 
relations  hold 


xA  +  yA'  =  A" 


(1) 


xB  +  yB'  =  B"  , 


(2) 


where  x  and  y  are  the  relative  amounts  of  end  label  and  spin  probe  present 
respectively.  The  value  of  y  (or  x  =  1  -  y)  was  evaluated  for  each  composite 
spectrum,  and  the  value  obtained  was  used  to  scale  the  spin-probe  spectrum. 
This  scaled  spin-probe  spectrum  was  subtracted  from  each  composite  spectrum  to 
obtain  a  difference  spectrum  which  corresponds  to  the  amount  of  spin  label 
present.  Figure  5  Illustrates  the  typical  results  of  such  a  procedure.  The 
areas  under  the  absorption  llneshape  (first  integral  of  the  experimentally 
determined  derivative  llneshape)  for  the  scaled  spectrum  and  the  difference 
spectrum  were  taken  as  the  amount  of  spin  probe  and  end  label  present, 
respectively. 
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Figure  5.  Typical  lineshapcs  observed  from  the  composite  spectrum,  the  spin-probe  spectrum,  and  the 
difference  spectrum  (i.e.,  spin-label  spectrum)  in  the  EPR  kinetics  experiment. 


The  actual  data  analysis  was  performed  with  a  program  written  for  the 
calculator  (HP  9825)  used  in  the  data  acquisition  system.  This  program  uses 
horizontal  and  vertical  cursors  in  the  oscilloscope  to  measure  the  height  of 
each  spectrum  at  the  two  designated  field  values.  The  scaling  factor  is  cal¬ 
culated  from  the  values  of  the  parameters  A",  B"  in  each  spectrum.  The  area 
under  each  spectrum  is  normalized  to  the  same  value  (i.e.,  that  of  the  initial 
spectrum).  The  latter  procedure  was  necessary  since  the  total  area  under  each 
spectrum  varied  as  much  as  i  10%  because  of  variations  in  filling  factor  when 
the  sample  was  repositioned  in  the  EPR  microwave  cavity  after  different  times 
into  the  reaction.  The  normalized  amounts  of  spin  probe  and  end  label 

(1-(P/Pq))  were  printed  by  the  calculator,  where  Pq,P  are  the  concentrations 
of  spin  probe  initially  and  at  time  t,  respectively. 

Reaction  (1)  was  carried  out  at  different  temperatures  from  295  K  to  366  K 
In  a  temperature-controlled  convection  oven  (Imperial  III,  Lab-line  Instrument 
Company).  The  sample  tube  was  removed  from  the  oven  at  different  times  into 
the  reaction,  and  all  EPR  spectra  were  measured  at  296  K.  The  normalized 
amounts  of  spin  probe,  P/P^,  plotted  as  a  function  of  time  for  reaction  (1) 
carried  out  at  295  K,  318  K,  333  K,  and  343  K  are  shown  in  Figures  6,  7,  8, 
and  9  respectively. 
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Figure  6.  Time  dependence  of  the  normalized  spin-probe  concentration,  P/Pg, 
(reaction  temperature  »  29$  K). 


in  end-label  formation 
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The  agreement  with  a  single  exponential  time  dependence  In  Figures  6,  7, 
8,  and  9  implies  a  pseudo-first-order  reaction  with  the  values  of  the  rate 
constant  for  the  different  temperatures  shown  in  Table  1  (see  Appendix  A). 
These  values  of  the  rate  constant  are  plotted  as  a  function  of  1/T  In  Figure 
10  where  the  data  show  that  »  k^  exp  -  AE/RT,  where  AE  is  the  activation 
energy  and  Is  the  frequency  factor.  From  the  data  in  Figure  10,  one 
obtains  AE  »  41.5  ±  5  kj  mole"^  and  k^  =  7.8  x  10^  s~^. 

The  rates  of  the  reaction  of  the  tertiary  amine  DIMETAMIN  with  the  epoxy 
resin  DGEBA  to  form  the  spin-labeled  quaternary  base  were  also  measured  at 
several  temperatures  between  299  K  and  373  K.  When  the  reaction  was  carried 
out  at  299  K,  the  EPR  spectra  were  recorded  at  299  K  for  the  most  accurate 
results.  Figure  11  shows  the  sequence  of  spectra  observed  at  the  times  shown. 
However,  when  the  reaction  was  carried  out  at  318  K,  338  K,  363  K,  and  373  K, 
the  EPR  spectral  measurements  were  made  at  318  K  to  enhance  the  discrimination 
between  the  spectrum  from  the  DIMETAMIN  spin  probe  and  that  from  the  spin- 
labeled  quaternary  base.  Figure  12  shows  Che  typical  sequence  of  spectra 
observed  at  318  K.  The  spectra  were  analyzed  in  the  same  manner  as  those 
described  above  for  the  end  label. 


TABLE  1.  REACTION  RATES  OF  NITROXIDE  AMINES  WITH  DGEBA. 


Nitroxide 

Rate  constant  (k^.  kj)  (s  ') 

Temperature 

IK) 

MET  AMIN 

3.8  X  10"® 

295 

1.15  X  W* 

318 

2.35  xIO"* 

333 

5.5  X  to"* 

343 

DIMETAMIN 

4.5  X  10  ® 

299 

1.16  xIO"^ 

318 

3.7  X  lO"^ 

339 

7.0  X  10"^ 

363 

1.0  X  10  '^ 

373 
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Figure  10.  Temperature  dependence  of  the  rate  constants  k],  k2  for 
MET  AMIN  and  DIMETAMIN  reactions  with  DGEBA. 


The  time  dependence  for  the  normalized  spin-probe  concentration,  P/Pq,  at 

the  reaction  temperatures  299  K,  318  K,  and  338  K  are  shoivn  in  Figures  13,  14, 

and  15.  As  can  be  seen  in  these  data,  the  decay  of  P/P^  shows  a  good  fit  to  a 

single  exponential.  This  result  implies  that  reaction  (2)  also  obeys  pseudo- 

first-order  kinetics  since  all  measurable  spin  probe  was  converted  to  the 

9  1 0 

quaternary  base  before  appearance  of  the  Hofmann  elimination  product  ’ 

TEMPENE,  On  the  other  hand,  in  Figures  16  and  17,  where  the  data  show  plots 
of  the  normalized  amount  of  fast-phase  component  as  a  function  of  time,  the 
decays  are  not  simple  single  exponentials.  The  reason  for  this  difference  is 


Figure  13.  Time  dependence  of  the  normalized  spin  probe  concentration,  P/Pg,  in  the  formation  of 
spin-iabcled  quaternary  base  (reaction  temperature  =  299  K). 
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chat  the  TEMPENE  spectrum  appeared  before  the  complete  disappearance  of  the 
DIMETAMIN  spin-probe  signal.  Since  the  TEMPENE  spectrum  is  similar  to  that  of 
DIMETAMIN,  the  presence  of  TEMPENE  makes  it  appear  as  though  the  spin-probe 
concentration  increases  again  in  time.  The  initial  slopes  of  Che  decays  in 
Figures  16  and  17  are  assumed  to  give  Che  reaction  rate  k2* 

The  values  of  k2  obtained  for  the  reaction  carried  out  at  299  K,  318  K, 

338  K,  363  K,  and  373  K  are  listed  in  Table  1  and  plotted  in  Figure  10.  These 

values  show  Chat  k2  =  k^  exp  -  AE/RT  with  the  values  AE  »  41.5  ±  5  kJ  mole~^ 

2  —1 

and  k|^  •  7.8  x  10  s  ,  l.e.,  k^  k^. 


Figare  14.  Time  dependence  of  normnlitcd  spin-probe  concentmtion,  P/Pq,  in  formntion  of  spin-labeled 
quaternary  base  (reaction  temperature  >  3lfl  K). 
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The  rates  of  the  Hofmann  elimination  reaction  were  Investigated  at 
different  temperatures,  but  it  was  impossible  to  measure  them  reliably  because 
of  the  presence  of  parallel  reactions.  These  reactions  are  of  the  type  shown 
below  Involving  charge  separation  caused  by  the  stepwise  addition  of  DGEBA 
molecules  following  oxirane  ring  opening  by  the  0“  groups. 

The  evidence  presented  for  the  existence  of  these  different  quaternary 
bases  with  different  degrees  of  charge  separation  is  contained  in  the  tempera¬ 
ture  dependence  of  the  EPR  spectra.  Figure  18  shows  the  temperature  depen¬ 
dence  of  the  collapse  of  the  extrema  splitting  for  two  samples  of  DGEBA  con- 


Figure  15.  Time  dependence  of  the  normalized  spin-probe  concentration,  P/Pq,  in  formation  of 
spin-labeied  quaternary  base  (reaction  temperature  =  338  K). 
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talnlng  OIMETAMIN.  One  sample,  (a),  which  had  been  heated  at  363  K  for  6  h, 
contained  the  spin-labeled  quaternary  base  only;  the  other  sample,  (b),  which 
had  been  heated  at  363  K  for  4  days,  contained  the  spin-labeled  quaternary 
base  and  a  large  amount  of  TEMPENE  (the  area  under  the  TEMPENE  spectrum  was 
~  18Z  of  the  area  under  the  total  spectrum).  As  shown  in  Figure  18,  the 
collapse  of  the  extrema  splitting  for  the  spin— labeled  quaternary  base  in 
sample  (b)  occurred  at  a  higher  temperature  than  that  for  the  quaternary  base 
in  sample  (a).  This  result  implies  that  the  motional  correlation  time  for  the 
quaternary  base  in  sample  (b)  is  slower  than  that  In  sample  (a).  The  reason 
is  either  an  increase  in  the  molecular  size  of  the  quaternary  base  or  an 


FIfsrc  16.  Tiott  depcadcncc  of  the  normslimd  ipin-probc  conccstrsilon,  P/Pg.  in  the  formation  of 
ipin-labHcd  gnalcmary  base  (reaction  temperature  >  363  K). 
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increase  in  the  viscosity  of  the  resin  because  of  extensive  crosslinking 
resulting  from  catalytic  homopolymeriaatlon.  The  latter  effect  was  shown  to 
be  negligible  since  only  small  amounts  of  DIMETAMIN  were  used  (these  samples 
contained  <  0.08  wt%  DIMETAMIN).  Thus,  a  sample  of  DGEBA  containing  only 
TEMPENE  exhibited  a  three-line  spectrum  with  the  same  relative  intensities  as 
the  spectrum  exhibited  by  TEMPENE  produced  in  the  DIMETAMIN  reaction  with 
DGEBA  (see  Figures  19  a,  b).  The  identical  spectra  Indicate  the  same  value  of 
the  motional  correlation  time  for  TEMPENE  in  both  samples,  thus  proving  that 
the  resin  viscosity  was  unaffected  by  the  presence  of  the  quaternary  base. 


Figure  17.  Time  dependence  of  the  normalized  spin-probe  concentration,  P/Pq,  in  formation  of 
spin-labeled  quaternary  base  (reaction  temperature  =  373  K). 
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Hence  the  data  In  Figure  18  Imply  that  there  Is  an  Increase  in  the  molecular 
size  of  the  quaternary  base  with  time,  presumably  because  of  reactions  of  the 
type  shown  in  Figure  20. 


If  there  is  enough  DIMETAMIN  present,  quaternary  base  reactions  of  the 
type  shown  in  Figure  20  can  lead  to  catalytic  homopolymerization  of  the  DGEBA. 
This  reaction  is  evidenced  by  our  preparation  of  a  rigid  sample  of  DGEBA 
catalytlcally  cured  with  the  addition  of  only  ~  5  wtZ  DIMETAMIN. 


T(K) 
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Figure  IS.  Tcnpenitnre  dcpeiidciicc  of  extrema  splittliig  for  sample  of  DIMETAMIN  in  DGEBA  which 
had  been  heated  for  4  days  at  363  K  (with  TEMPENE)  and  also  a  sample  which  had  been 
heated  for  6  h  at  363  K  (no  TEMPENE). 
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Figure  19.  (a)  Spectrum  observed  in  the  reaction  of  OiMETAMIN  with  DGFIBA  and  (b>  spectra  observed 

from  TEMPENF.  in  DGEBA. 


2.2  Investigation  of  the  Microstructure  In  Cured  Epoxies 

The  main  objective  in  this  task  was  to  investigate  the  nature  of  the 
microstructure  in  amine-cured  epoxy  samples  with  different  average  crosslink 

Q  1  n 

densities. The  average  crosslink  density  was  varied  by  curing  with 
stoichiometric  amounts  of  mixtures  of  amine  curing  agents  with  different  amine 
funct  tonalities. 

Samples  of  DGEBA  containing  tiu  nitroxlde  spin  probe  TANOL  were  cured 
with  stoichiometric  amounts  of  the  bifunctional  amine,  N,N'-diraethyl-l ,6- 
diamlnohexane  (DDH),  and  the  tetrafunctlonal  amine,  1 , 4-dlamlnobutane  (DAB), 
and  also  with  mixtures  of  DDH  and  DAB.  The  samples  prepared  from  these  mix¬ 
tures  contained  1:4;5,  2:3:3,  and  3:2:5  equivalent  ratios  of  DAB: DDH: DGEBA. 

The  DGEBA/DDH  samples,  which  were  composed  of  lightly  crosslinked  linear 
chains,  were  soft  and  flexible,  whereas  the  DGEBA/DAB  samples  composed  of  a 
highly  crosslinked  three-dimensional  network  were  hard  and  brittle. 
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The  temperature  dependences  of  the  EPR  spectra  of  TANOL  in  each  of  these 
samples  indicate  that  at  each  temperature,  the  spectrum  can  be  characterized 
by  essentially  one  value  of  the  motional  correlation  time,  t^.  Figure  21  Is 
an  example  of  how  the  EPR  spectra  of  TANOL  in  one  of  these  epoxy  samples 
change  with  temperature,  whereas  Figure  22  illustrates  how  the  spectra  of 
TANOL  differ  in  the  four  epoxy  samples  at  a  given  temperature  (385  K) . 

-9 

The  correlation  times  were  evaluated  for  t  <  3  x  10  s  from  the  EPR 

c 

I  2 

lineshapes  using  the  theory  of  Kivelson.  The  equation  used  was 


T  =  4 
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/y(o) 

\Y(1) 
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b  =^1 
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Figure  21.  Temperature  dependence  of  EPR  spectra  of  TANOL 
in  sample  of  DGEBA  cured  with  DDH. 
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Figure  22.  EPR  spectra  of  TANOL  iu  emine-cured  samples  of  DGEBA 
with  different  crosslink  densities  at  a  temperature  of  3B5  K. 


where  Y(l),  Y(0),  and  Y(-l)  are  the  intensities  of  the  low,  middle,  and  high 
field  lines,  Ayy,  and  are  the  principal  values  of  the  nitrogen 

hyperfine  interaction  tensor,  and  W(0)  is  the  width  of  the  center  line.  The 
values  A22  ■  3.A5  mT  and  A^^^  -  A^y  »  0.6  mT  were  used  for  TANOL. 

The  measured  values  of  r  for  TANOL  in  the  cured  epoxy  resin  samples  are 

1 

shown  as  a  function  of  (temperature)  ^  in  Figure  23.  The  lightly  crossllnked 
samples  show  the  shortest  values.  Moreover,  lightly  crossllnked  samples 
show  a  straight-line  dependence  of  In  on  (temperature)”^,  whereas  the  more 
heavily  crossllnked  samples  show  a  slight  curvature. 

The  crosslink  density  was  calculated  from  the  value  of  the  shear  modulus 

13 

above  Tg  using  the  expression, 


(A) 
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Figure  23.  Temperature  dependence  of  motional  correlation  time  for  TANOL  in  samples  of  amine-cured 
DGEBA  with  different  crosslink  densities. 

where  G'  is  the  real  part  of  the  dynamic  shear  modulus  above  Tg,  p  is  the 
density  of  the  cured  epoxy,  M  is  the  molecular  weight  between  crosslinks,  R  is 
the  gas  constant,  and  a  is  a  constant  with  a  value  between  1  (from  theory  of 
rubber  elasticity)  and  0.53  (see  Tobalsky^^). 

The  shear  moduli  of  the  four  epoxy  samples  were  measured  using  a  dynamic 
mechanical  spectrometer  (Rheometrics  model  RDS  7700).  The  typical  temperature 
dependence  of  G' ,  G",  and  tan  6  =  G"/G'  obtained  in  the  four  epoxy  samples  for 
a  heating  rate  of  2°/mln  is  shown  in  Figure  24.  The  value  of  T  was  taken  at 

O 

the  maximum  of  the  tan  6  peak.  The  temperature  dependence  of  G'  for  the  four 
epoxy  samples  is  shown  in  Figure  25.  These  four  samples  had  been  postcured  at 
413  K  for  2  h. 
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Figure  24.  Shew  moduli,  G'  and  G' ' ,  and  tan  6  as  a  function  of  temperature  for  3:2:5 
DAB:DDH:DGEBA. 


The  values  of  obtained  from  Figure  23  at  a  chosen  temperature  are 
plotted  against  the  values  of  obtained  from  Equation  (4)  for  the  four 
epoxy  samples.  The  results  are  shown  in  Figure  26  for  four  different  tempera¬ 
tures.  Figure  26  shows  that  at  all  four  temperatures,  the  logarithm  of  the 
motional  correlation  time  is  approximately  linearly  dependent  on  the  crosslink 
density  (M“^)  over  the  range  of  crosslink  densities  studied.  Theoretical 
crosslink  densities  were  also  calculated^^  from  the  known  stoichiometric 
amounts  of  the  amines  with  known  functionality  used  in  the  cure.  The  expres¬ 
sion  used  was 
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Figure  25.  Shear  modulus  G  as  a  function  of  temperature  for  the  amine-cured  samples  of  DGEBA  with 
the  stoichiometries  indicated. 
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Figure  26.  Motional  correlation  time  at  the  selected  temperatures  shown  for  TANOL  in  amine-cured 
DGEBA  samples  having  different  molecular  weights  between  crosslinks. 
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where  v  is  the  crosslink  density,  f  is  the  functionality  of  the  amine  used 
(e.g.,  f  ■  4  for  DAB),  m  is  the  number  of  moles  of  DAB  in  the  sample,  w  is  the 
weight  of  the  sample,  and  p  is  the  density  of  the  sample. 

A  plot  of  the  experimentally  obtained  crosslink  densities  (M~^)  as  a 
function  of  the  normalized  values  of  theoretically  derived  crosslink 
densities  (v)  is  shown  in  Figure  27  (the  values  of  v  are  normalized  such  that 
in  the  sample  DAB:DGEBA  “  1:1,  v  =  1).  The  data  for  the  four  postcured 
samples  and  the  four  samples  which  were  not  postcured  are  shown.  The  line¬ 
arity  of  the  agreement  supports  the  use  of  the  (M“^)  values  obtained  from 
Equation  (4)  as  a  measure  of  the  crosslink  densities. 

In  drawing  conclusions  from  the  results  depicted  in  Figure  23,  it  is 
important  to  remember  that  the  Klvelson  theory  which  was  used  to  obtain  the 
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Figure  27.  Expcrimciiiul  crosslink  density  from  dynamic  mechanical  data  as  a  function  of  theoretical 

values  calculated  from  sample  stoichiometry,  a  =  i.O,  scale  factor  for  ideal  sample;  a  =  0.53, 
Tobnisky.  o  «  samples  postcured  two  hours  at  4t3K,  d  =  samples  not  postcured. 
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values  from  the  lineshapes  is  valid  for  ^  3  x  10*^  s.  Although  this 

limitation  may  explain  some  of  the  curvature  in  the  In  t  plots  for  t  values 

— Q  ^ 

>  3  X  10  s  in  Figure  23,  some  curvature  remains  in  the  DAB/DGEBA  data  even 

for  <  3  X  10~^  s,  whereas  the  data  for  DDH/DGEBA  samples  show  a  linear 

dependence  of  In  on  (temperature)"^.  Thus  the  DGEBA/DAB  data  do  not  follow 

an  Arrhenius  temperature  dependence.  On  the  other  hand,  as  shown  in  Figures 

28  and  29,  the  data  from  both  the  DAB/DGEBA  and  DAB;DDH.‘DGEBA  =  2:3:5  samples 

show  excellent  agreement  with  the  following  modified  form  for  the  WLF 

Q  1 1; 

equation.  ’ 


-I000/(T-T  )  (K’’) 
o 

GPU  >200  23 


Figure  2S.  WLF  plot  tor  TANOL  in  amine-cured  epoxy  sample  with  stoichiometry 
DAB:DDH:DGEBA  >  2:3:5. 


where  t  ,  t  _  are  the  spin-probe  motional  correlation  times  at  temperature  T 

C  C  K 

and  reference  temperature  Tj^;  is  the  free-volume  fraction  at  reference 
temperature  T^;  B(«l)  is  the  coefficient  that  appears  in  the  Doolittle 
equation^^;  g  is  the  difference  in  the  thermal  expansion  coefficients  above 
and  below  Tg;  and  e  and  a  are  empirical  constants  which  account  for  the  sensi¬ 
tivity  of  the  spin-probe  rotational  motions  to  changes  in  the  free  volume. 

The  plots  in  Figures  28  and  29  show  thatl/ln  (t  o)  *  1/(T-T  ).  If  the 

typical  conventional  values  B«  l.B-SxlO**,  and  f  =  0.025  are  substl- 

K 


FIgwc  29.  WLF  plot  for  TANOL  In  amine-cured  epoxy  sample  with  sloicbiometry  DAB:DGEBA  =  1:1. 


tuted  into  Equation  (6),  one  obtains  e  »  0.1.  This  is  a  reasonable  value 
for  e  for  the  case  of  rotational  diffusion,  since  one  would  expect  this  value 

to  be  smaller  than  the  values  of  e  =  0.6  to  1.0  typical  for  translational 
1  T 

diffusion. 

The  following  swelling  experiments  were  performed  prior  to  investigating 
the  EPR  behavior  of  nitroxides  in  plasticized  epoxy  samples.  The  six  samples 
that  were  cured  (but  not  postcured)  with  stoichiometric  amounts  of  DDH  and  DAB 
mixtures  were  Immersed  in  the  solvents,  methylene  chloride  and  benzene.  Sub¬ 
sequent  weight  gains  measured  following  different  solvent  exposure  times  were 
assumed  to  be  proportional  to  the  sample  swelling,  l.e.,  the  volumes  of 
polymer  and  sorbed  solvent  were  assumed  to  be  additive.  Figure  30  is  a  plot 
of  weight  percent  solvent  uptake  as  a  function  of  time  for  these  samples.  As 
can  be  seen  from  Figure  30,  the  degree  of  swelling  depends  on  the  solvent  used 
and  the  sample  crosslink  density.  For  each  solvent,  the  weight  of  sorbed  sol¬ 
vent  increased  with  decreasing  crosslink  density  in  agreement  with  the  Flory- 
Rehner  equation, viz.. 


ln(l  -  v^)  +  +  X  ^2 

-  V2/2) 


(7a) 


where  v  is  the  number  of  moles  of  crosslink  strands  per  liter,  V2  is  the 
volume  fraction  of  polymer  in  the  swelled  samples,  V  is  the  molar  volume  of 
the  solvent,  and  x  is  the  Flory-Huggins  solvent-polymer  interaction  parameter 
related  to  the  enthalpy  of  mixing.  Typical  values  of  y  range  from  less  than  0 
for  a  solvent  having  great  affinity  for  the  polymer  to  over  0.5  for  a  solvent 
with  little  affinity  for  the  polymer.  For  each  sample  stoichiometry,  methy¬ 
lene  chloride  swells  the  samples  to  a  larger  extent  than  benzene,  indicating 
that  methylene  chloride  has  a  greater  affinity  for  the  epoxy  samples,  i.e., 

X  benzene/epoxy  ^  Xmethylene  chloride/epoxy*  possible  to  calculate 

crosslink  densities,  v,  from  Equation  (7a)  if  V,  V2,  and  y  ^re  known.  From 
the  swelling  data  of  Figure  30,  V2  can  be  calculated,  and  for  methylene 
chloride,  V  is  equal  to  6.41  x  10“^  L*mole~^.  Equation  (7a)  thus  can  be 
reduced  to  the  following  form: 
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Solvent  (wt%) 


ln{l  -  V-)  +  V 


and 


b 


-  V2/2) 


(7d) 


Plots  of  V  as  a  function  of  x  for  samples  having  different  DDK: DAB  ratios  are 
shown  in  Figure  31.  The  values  of  V2  substituted  into  Equations  (7c)  and  (7d) 
for  a  and  b  were  calculated  from  asymptotic  values  of  the  curves  in  Figure  30 
corresponding  to  a  40-day  immersion  in  methylene  chloride.  With  the  assump¬ 
tions  that  X  was  the  same  for  all  samples  (i.e.,  the  samples  were  all  chemi¬ 
cally  similar)  and  the  relative  values  of  the  crosslink  densities  among  the 
different  samples  were  the  same  as  the  relative  values  anticipated  theoreti¬ 
cally  using  Equation  (5),  x  was  calculated  using  a  linear  least-squares 
routine  to  be  0.49  (see  Figure  32).  This  value  of  x  Is  indicated  by  the 
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Figure  31.  Crosslink  density  as  a  function  of  X  using  data  shown  in  Figure  30.  Vertical  line  is  value  of  X 
determined  by  least  squares  calculation. 


3. 
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vertical  line  in  Figure  31.  The  Intersections  of  this  line  with  the  v(x) 
lines  yield  values  of  v  for  each  sample.  Iliese  values  are  shown  along  with 
the  average  molecular  weight  between  crosslinks  in  Table  2b. 

Values  of  v  were  recalculated  using  the  solvent  content  corresponding  to 
less  than  a  one  day  exposure  to  methylene  chloride.  Swelling  of  the  samples 
was  a  maximum  at  this  time,  resulting  In  the  lower  crosslink  densities 
reported  in  Table  2a.  The  corresponding  value  of  y  calculated  to  be  0.52. 

The  crosslink  density  values  listed  in  Table  2b  are  about  25%  higher  than 
those  predicted  theoretically  using  Equation  (5).  In  addition,  considering 
the  observed  affinity  of  methylene  chloride  for  the  epoxy  solids,  one  would 
expect  a  value  y  ^  0.5.  These  results  may  be  due  to  a  breakdown  in  the 
applicability  of  the  Flory-Rehner  equation  to  highly  crosslinked  polymers  such 
as  epoxy  resins.  The  situation  where  the  experimentally  determined  crosslink 
density  is  greater  than  the  theoretical  value  is  similar  to  that  encountered 
in  the  dynamic  mechanical  determination  of  crosslink  densities,  where  a  was 
necessarily  assigned  a  value  0.53  rather  than  1.0  in  Equation  (4). 
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Flgare  32.  Least  squares  fit  of  experimental  crosslink  densities  to  theoretical  normalised  values.  Variable 
parameter  was  X .  Best  fit  yields  X  =  0.49. 
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The  following  reasons  are  suggested  for  the  reduction  in  swelling  (l.e., 
weight  loss)  upon  prolonged  exposure  to  methylene  chloride: 

1.  methylene  chloride  reacts  with  the  amine  to  crosslink  the  sample,  and 
this  increased  crosslinking  leads  to  less  swelling,  and/or 

2.  there  are  unreacted  epoxy  and  amine  groups  trapped  in  the  rigid  polymer 
matrix  before  swelling.  After  swelling  and  a  plasticization  of  this 
matrix,  these  groups  react  with  each  other  to  Increase  the  crosslinking 
which  in  turn  leads  to  less  swelling,  and/or 

3.  unreacted  amine  and/or  epoxy  are  leached  from  the  samples  by  the 
methylene  chloride. 

Thus,  the  higher  crosslink  densities  listed  in  Table  2b  can  correspond  to 
an  actual  increase  in  crosslinking.  On  the  other  hand,  there  may  be  only  an 
apparent  increase  in  crosslink  density  resulting  from  less  affinity  of  the 
epoxy  sample  for  methylene  chloride  as  low-molecular-weight  material  Is 
leached  out. 


TABLE  2.  CROSSLINK  DENSITIES  CALCULATED  FOR  AMINE-CURED  DGEBA  SAMPLES. 


After  1  day  in  methylene  chloride  (X  =  0.52) 


Volume 

Crosslink 

Molecular  wt 

Sample 

%  solvent 

fraction 

density 

between 

polymer 

Imole-L  ') 

crosslinks 

1:1  DDH;DGEBA 

so 

0.23 

0.126 

8850 

1:4  5  DAB:DDH:DGEBA 

75,5 

0.28 

0.236 

4750 

2:3:5  DAB:DDH  DGEBA 

69.5 

0.34 

0.464 

2450 

3:2:5  DAB  DDH  DGEBA 

67.5 

0.36 

0.565 

2020 

1  1  DABDGEBA 

53 

0.50 

1.896 

610 

After  40  days  in  methylene  chloride  ( X 

=  0.49) 

Volume 

Crosslink 

Molecular  wt 

Sample 

%  solvent 

fraction 

densily 

between 

polymer 

(moIe-L  M 

crosslinks 

1:1  DDH:DGEBA 

72.5 

0.31 

0.416 

2680 

1:4:5  DAB:DDH:DGEBA 

68.5 

0.35 

0,615 

1830 

2:3:5  DAB  DDH  DGEBA 

58.6 

0.45 

1.433 

790 

3  2:5  DAB  DDH  DGEBA 

52.5 

0.51 

2.209 

520 

1:1  DAB:DGEBA 

44 

0.59 

3.815 

300 
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Crosslink  densities  calculated  from  the  benzene  swelling  data  of  Figure 
30  agreed  less  favorably  with  the  theoretical  values  than  the  methylene 
chloride  data.  This  inconsistency  also  may  be  a  consequence  of  the  breakdown 
of  applicability  of  the  Flory-Rehner  equation  for  the  case  of  slightly 
swelled,  highly  crosslinked  polymers. 

Although  benzene  has  the  favorable  property  of  being  a  nonreactlve 
plasticizer,  it  appeared  from  the  data  in  Figure  30  that  the  time  to  reach 
equilibrium  swelling  was  inconveniently  long  (~  days)  for  the  EPR  experi¬ 
ments.  We  therefore  studied  the  EPR  spectra  of  the  spin  probe  TANOL  in  the 
epoxy  samples  having  different  average  crosslink  densities  and  containing 
different  amounts  of  the  solvent  methylene  chloride. 

At  low  solvent  contents  5  wt%  methylene  chloride),  the  EPR  spectra  of 
TANOL  were  only  slightly  modified  from  Chose  of  the  dry  samples  by  the 
presence  of  the  solvent.  At  high  solvent  contents  (2  30  wt%  methylene 
chloride),  only  the  narrow  three-line  spectrtim  was  observed.  At  intermediate 
solvent  contents  (5  to  30  wt%  methylene  chloride),  the  observed  spectra  con¬ 
sisted  of  a  superposition  of  a  slow-phase  spectrum  differing  little  from  that 
of  Che  dry  samples  and  a  fast-phase  spectrum  characterized  by  a  motional  cor¬ 
relation  time  which  was  one-and-a-half  orders  of  magnitude  faster.  Typical 
spectra  observed  on  increasing  the  solvent  contents  of  the  samples  are  shown 
in  Figures  33,  34,  35,  and  36. 

The  spectra  were  digitized  and  stored  on  magnetic  tapes  using  the  data 
acquisition  system  (Varian  E-900).  The  fractional  amount  of  fast  phase 
present  in  the  composite  spectrum  was  determined  by  removing  the  contribution 

Q 

of  the  slow-phase  spectrum.  This  procedure  was  carried  out  by  subtracting  a 
scaled  version  of  the  dry-sample  spectrum  from  the  composite  spectrum.  The 
best  criterion  for  the  amount  to  be  subtracted  i.e.,  the  scaling  factor  to  be 
used,  was  found  by  displaying  the  resulting  difference  spectrum  and  obtaining 
the  llneshape  that  appeared  as  the  best  fit  to  a  fast-phase  spectrum.  Typical 
examples  of  the  dry  sample  spectrum,  the  composite  spectrum,  and  the  differ¬ 
ence  spectrum  for  the  fast  phase  are  shown  in  Figure  37.  The  ratio  of  the 
areas  under  the  absorption  spectra  (the  first-integrals)  of  the  difference 
spectrum  and  the  composite  spectrum  was  taken  as  the  fast-phase  fraction 
(i.e.,  the  mobile  fraction). 


37 


Figure  3S.  EPR  spectra  of  TANOL  in  samples  of  DGFBA  cured  with  DAB  and  DDH  containing  the 
same  amounts  of  methylene  chloride  (19.5 


Figure  36.  EPR  lineshapes  of  TANOL  in  the  1:1  DDH/DGEBA  sample  as  a  function  of  benzene  content. 


The  spectra  of  TANOL  in  the  DGEBA  samples  cured  with  different  crosslink 
densities  show  the  same  feature  on  increasing  the  solvent  content,  viz,,  the 
amount  of  fast  phase  increases  with  increasing  solvent  content. 

The  data  plotted  in  Figure  38  show  that  for  TANOL  in  all  the  amine-cured 
epoxy  samples  studied,  the  fractional  amount  of  fast  phase  is  linearly  depen¬ 
dent  on  solvent  content  for  5  to  30  wt%  solvent.  At  a  given  solvent  content, 
the  fast-phase  fraction  decreases  slightly  with  crosslink  density,  but  con¬ 
sidering  the  uncertainity  in  the  measurement  this  difference  is  small. 
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Composite  spectrum 


Figure  37.  Typical  examples  of  composite  spectrum,  unsealed  rigid  spectrum,  and  the  resulting  difference 
(mobile  phase).  Spectrum  observed  in  the  solvent  plasticizing  experiments. 
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Figure  38.  Plot  of  mobile  fraction  for  TANOL  in  the  amine-cured  samples  of  DGEBA  with  (he 
stoichiometries  indicated. 
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2 .  3  PeterminaL Ion  of  the  Number  of  Unreacted  Epoxide  Groups 

In  this  task,  we  devised  the  methodology  of  using  the  spin-probe/spin- 
labei  EPR  technique  to  determine  the  number  of  unreacted  epoxy  groups  in  an 
amine-cured  epoxy  sample.  The  idea  was  to  Introduce  nitroxide  amine  spin 
probes  into  a  plasticized  sample  of  the  cured  polymer  for  a  long  enough  period 
to  allow  them  to  react  with  the  unreacted  epoxide  rings  and  to  bind  into  the 
polymer  network.  Unreacted  nitroxide  spin  probe  was  then  to  be  removed  by 
successive  washes  of  the  sample.  The  spin  count  determined  from  the  area 
under  the  EPR  lineshape  of  the  dry  samples  would  then  give  the  number  of 
unreacted  epoxide  groups. 

The  epoxy  system  investigated  was  DGEBA  cured  with  stoichiometric  amounts 
of  DDH,  i.e.,  DGEBA:DDH  =  1:1.  Samples  were  immersed  in  a  benzene  solution  of 
TAMIN  for  four  weeks.  The  sample  was  then  washed  continuously  with  a  Soxhlet 
extractor  for  several  days.  These  procedures  were  repeated  with  identical 
DGEBA/DDH  samples  in  solutions  of  METAMIN,  DIMETAMIN,  and  TANOL  in  benzene 
(the  sample  containing  METAMIN  was  rinsed  only  about  20  h).  The  number  of 
unreacted  epovy  groups  found  are  shown  in  Table  3. 

As  expected,  the  nonreactive  spin  probe  TANOL  is  removed  completely  from 
the  washed  epoxy,  and  the  number  of  unreacted  epoxy  groups  is  approximately 
Che  same  using  either  TAMIN  or  METAMIN.  It  is  surprising,  however,  that 
DIMETAMIN  should  be  so  unreactlve  over  a  period  of  one  month  considering  that 
it  has  been  shown  (Section  2.1)  to  have  the  same  reactivity  as  METAMIN  in  the 
uncured  DGEBA  resin.  This  result  suggests  that  the  unreacted  groups  are 
trapped  in  regions  of  high  crosslink  density  and  the  larger  spin  probe 
DIMETAMIN  penetrates  into  these  regions  more  slowly  than  TAMIN  or  METAMIN. 


TABLE  3.  AMOUNT  OF  UNREACTED  EPOXY  GROUPS  IN  A  CURED  SAMPLE  WITH 
STOICHIOMETRY  DGEBA:DDH  =  1:1. 


Nitroxide  used 

Amount  of  unreacted  epoxy 
{%) 

TANOL 

0.001 

TAMIN 

0.16 

METAMIN 

0.11 

DIMETAMIN 

0.01 

GPtt  *30080 
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Alternatively,  since  the  epoxy  groups  are  bound  in  the  polymer  lattice,  the 
reactions  with  the  nitroxide  amines  will  liave  a  heterogeneous  nature.  The 
rates  for  the  different  nitroxide  amines  then  need  not  be  the  same. 

Tl\e  attractive  feature  of  this  method  of  using  nitroxide  amines  to 
determine  the  number  of  unreacted  epoxy  groups  in  a  cured  epoxy  sample  is  the 
inherent  sensitivity.  Thus,  our  estimates  of  the  minimum  detectable  amount  of 
unreacted  epoxy  groups  is  10  %.  Tiie  disadvantage  of  this  method  is  the 

uncertainty  of  the  nitroxide  amine  reacting  with  all  unreacted  epoxy  groups  in 
the  sample.  The  latter  is  either  a  consequence  of  the  slow  diffusion  rates  of 
the  nitroxide  amines  into  the  cured  epoxy  samples  or  the  slow  reaction  rates 
of  the  nitroxide  amines  with  the  epoxy  groups  in  the  polymer. 

2.4  Discussion  of  EPR  Results 

17  1  A 

In  many  previous  studies'  of  amine-epoxy  reactions,  second-order 

kinetics  were  observed  and  details  of  the  stereochemistry  of  the  ring  opening 
reactions  were  studied.  The  results  indicated  that  an  8^,2  mechanism  was 
followed.  In  our  studies  of  Che  reaction  between  nitroxide  amines  and  DGEBA, 
pseudo-first-order  reaction  kinetics  are  obeyed  because  the  amine  concentra¬ 
tions  are  so  low  (<  0.1  wt%)  that  the  DGEBA  concentration  effectively  remains 
constant  throughout  the  reaction  (see  Appendix  A).  It  is  surprising,  however, 
that  the  rates  for  METAMIN  and  DIMETAMIN  should  have  the  same  activation 
energy  and  frequency  factor.  One  would  expect  these  rates  to  differ  if  the 
difference  between  the  nucleophilic  character  of  these  amines  is  large  enough. 
Since  basicity  is  a  measure  of  nucleophilic  character,  the  basicities  of 
METAMIN  and  DIMETAMIN  were  measured  from  the  pH  values  of  their  aqueous 
solutions.  The  results  show  that  =  I0~^  mole^L”^  for  DIMETAMIN  and 
Kjj  =  3  X  lO""^  raole«L~^  for  METAMIN,  Thus,  a  factor  of  three  difference  in 
basicity  Is  not  large  enough  to  effect  an  observable  difference  in  the 
reaction  rates. 

17  IQ  70 

It  is  well  established  '»  that  amine-epoxy  reaction  rates  can  be 
accelerated  In  solvents  that  can  hydrogen  bond  with  either  the  epoxy  or  the 
amine,  e.g.,  water,  alcohols,  or  acids.  The  rate-determining  steps  in  such 
reactions  involve  transition  states  of  the  form  shown  in  Figure  39.  Our 
results  support  this  contention  in  that  the  equality  of  the  rate  constants  kj 
and  k2  Implies  that  hydrogen  displacement  rates  are  fast  and  do  not  determine 
the  overall  rates  of  the  react  ons. 
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Figure  39.  Proposed  transition  states  involved  in  amine-epoxy  curing  reactions  for  the  (a)  Smith  model, 
(b)  Mika  and  Tanaka  model,  and  (c)  model  proposed  in  Reference  21. 


In  the  nltroxide  amine  reactions  with  DGEBA,  the  impurities  in  the  DER 
332  resin  may  play  the  role  of  the  hydrogen-bond  donors.  Two  such  impurities 
can  be  present:  water  and  a  DGEBA  dimer  containing  a  hydroxyl  group.  Both 
nitroxides  will  form  transition  states  of  the  type  (a)  shown  in  Figure  39,  but 
only  METAMIN  can  form  the  type  (b)  since  DIMETAMIN  is  a  tertiary  amine  and 
hence  possesses  no  hydrogen-bond  donors.  Thus,  if  we  are  to  account  for  the 
equality  of  the  reaction  rate  constants  kj  and  k2,  we  must  conclude  that  only 
the  transition  states  of  the  form  (a)  shown  in  Figure  39  are  relevant. 

The  effect  of  hydrogen  bonding  to  the  oxygen  in  the  oxirane  ring  is  to 
weaken  the  C-0  bonds.  This  weakening  may  be  of  paramount  importance.  It  has 
even  been  suggested  by  some  investigators^^' that  in  the  absence  of  hydrogen 
bonding  as  in  the  pure  nonpolar  solvents,  the  overall  rates  for  amine-epoxy 
reactions  are  negligible. 

The  rate-determining  step  in  the  reactions  of  the  nitroxide  amines  with 
DGEBA  is  the  charge  separation  following  the  formation  of  the  transition  state 
of  the  form  (a)  in  Figure  39.^^’^®  At  this  time  the  only  explanation  we  offer 
for  the  equality  of  the  rates  of  charge  separation  of  the  transition  states 
Involving  DIMETAMIN  and  METAMIN  is  the  following.  Solvation  effects  of  the 
surrounding  DGEBA  molecules  reduce  (1)  the  effects  resulting  from  any  differ¬ 
ence  in  the  steric  factors  which  may  exist  in  the  transition  state  and  also 
(2)  the  effects  of  the  differences  in  the  nucleophilic  character  of  the 
nltroxide  amines. 

It  has  also  been  shown^^  that  the  oxygen  in  the  diglycidyl  ether  group 
can  hydrogen  bond  to  an  amine  hydrogen  so  that  the  amine  is  held  In  a  suitable 
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position  to  attack,  the  epoxide  group  (see  Figure  39c).  However,  tiiis  effect 
should  play  no  role  in  determining  the  value  of  the  rate  constant  k-,  since 
DIMETAMIN  possesses  no  hydrogen-bond  donors. 

Our  investigations  have  shown  that  fast  rotational  nitroxide  motions 

-9 

(t^  <  3  X  10  s)  usually  occur  at  temperatures  above  of  the  host  polymer. 
Moreover,  we  have  found  that  in  this  fast-motion  region,  the  motional  correla¬ 
tion  time  for  the  nitroxide  spin  probe  TANOL  in  several  amine-cured  epoxy 
samples  obeys  a  modified  form  of  the  IVLF  equation. This  agreement  implies 
that  the  TANOL  rotational  motions  depend  on  the  free  volume  in  the  epoxy 
polymers.  It  is  therefore  not  surprising  to  find,  as  shown  in  Figures  23  and 
26,  that  the  motional  correlation  times  for  TANOL  depend  on  the  average 

crosslink  density  since  higher  crosslink  densities  mean  a  higher  value  of  T  , 

& 

which  in  turn  means  less  free  volume  at  any  temperature  above  Tg. 

At  all  temperatures,  the  EPR  spectra  of  TANOL  in  these  dry  amine-cured 
epoxy  samples  can  be  characterized  by  one  motional  correlation  time.  Thus, 
the  spectra  give  no  indication  of  distributions  in  motional  correlation  time 
or  crosslink  density  within  a  sample.  In  contrast,  the  solvent-dependent 
studies  provide  information  on  the  distribution  of  crosslink  density  in  a 
given  sample.  The  mobile  fractions  in  Figure  38  (given  by  the  ratio  of  the 
areas  under  the  fast-phase  absorption  spectra  to  those  under  tlie  composite 
spectra)  is  considered  to  be  a  measure  of  the  amount  of  rubbery  regions 
present  in  the  polymer.  In  a  previous  study, ^  we  concluded  that  the  plasti¬ 
cizing  solvent  preferentially  partitions  into  the  low  crosslink  regions.  As  a 
result,  the  low  crosslink  regions  having  the  greatest  free  volume  in  the  dry 
polymer  have  even  greater  free  volume  content  following  addition  of  the 
solvent.  The  overall  effect  of  the  solvent  plasticizer  is  to  emphasize 
differences  in  rigidity  and  spin-probe  rotational  mobility  so  that  microstruc- 
tural  differences  in  crosslink  density  will  appear  on  varying  the  solvent 
content  even  when  they  are  not  observed  in  the  dry  samples  on  varying  the 
temperature.  Figure  38  also  Indicates  that  there  is  relatively  little  dif¬ 
ference  in  the  solvent  dependence  of  the  EPR  spectra  of  TANOL  in  samples  with 
different  average  crosslink  densities. 
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1.  NMR  EXPERIMENTS  ON  EPOXY  RESINS 


5.1  Epoxy/.-\j3ine  Reaction  Kinetics 

The  purpose  of  this  study  was  to  perform  epoxy/amiue  reactions  and  follow 

1  1 

their  progress  through  the  gel  stage  using  solid-state  C  NMR  with  magic- 
angle  spinning,  cross-polarization,  and  high-power  hydrogen  decoupling. 

It  was  planned  to  follow  the  progress  of  tlie  reaction  quantitatively  by  mea¬ 
suring  the  decrease  in  the  areas  beneath  the  spectral  lines  of  the  reactants 
as  they  were  consumed  and  measuring  the  increase  in  the  areas  beneath  the 
spectral  lines  of  the  products  as  they  were  formed.  As  a  basis  for  this 
study,  simpler-solution  NMR  experiments  were  performed  first  to  positively 
identify  the  spectral  lines.  These  liquid  studies  proved  to  be  complicated  by 
the  presence  of  small  quantities  of  impurities  (at  first  undetected)  that 
strongly  influenced  Che  kinetics  of  the  reaction.  Therefore,  model  compounds 
were  employed  Co  reduce  the  number  of  possible  reactions  so  that  the  kinetics 
studies  of  the  DGEBA  system  could  proceed  more  successfully  with  the  knowledge 
gained  from  the  simpler  systems.  The  C  NMR  measurements  were  performed  on  a 
spectrometer  (JEOL  FX-60QS)  suitable  for  both  liquid  and  solid-state  studies. 

3.1.1  Liquid  Studies 

The  epoxy  and  amine  used  in  this  study  were  1 , 2-epoxy-3-phenoxypropane 
(EPOP)  (Eastman  Kodak  No.  6377)  and  N-methylbutylamine  (MBA)  (Aldrich  Chemical 
No.  16,  212-4),  as  shown  in  Figure  40.  Both  of  these  were  used  without 
further  purification.  These  materials  are  similar  to  the  DGEBA  and  DDH  used 
in  the  other  parts  of  this  study  except  that  Instead  of  being  difunctional, 
they  are  monofunctional.  This  simplification  prevented  the  production  of  a 
variety  of  large-molecular-welght  products,  which  simplified  analysis  of  the 
NMR  spectra. 

The  kinetics  of  the  epoxy/amine  reaction  were  studied  at  298  K.  An 
excess  of  MBA  was  used  because  it  was  thought  that  this  would  produce  a 
pseudo-first-order  reaction,  which  would  be  simpler  to  analyze,  and  there 
would  be  less  chance  of  competing  epoxy/epoxy  homopolymerization  reactions 
complicating  the  analysis. 
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Kijiure  40.  Kpoxy  and  amine  compounds  used  in  the  ^<^0  NMR  kinetics  study. 


The  NMR  spectrum  of  EPOP  in  CDCl^  is  shown  in  Figure  41(a).  The 
intensity  of  the  spectral  line  labeled  g  is  small  because  the  carbon  atom 
producing  this  line  is  not  adjacent  to  a  hydrogen  atom,  which  causes  a  reduced 
nuclear  Overhauser  enhancement  (NOE)  as  well  as  an  increased  spin-lattice 
relaxation  time,  Tp  The  three  small  lines  downfield  of  the  line  labeled  c 
are  solvent  lines.  The  spectrum  shown  in  Figure  41(b)  was  obtained  55  min 
after  adding  0.386  g  of  EPOP  to  2.327  g  of  MBA,  a  molar  ratio  of  1:9.97.  In 
this  spectrum,  the  lines  from  EPOP  can  be  identified  easily.  Because  MBA  is 
undiluted,  the  spectra  lines  labeled  a,  B,  y,  6,  and  e  resulting  from  the  MBA 
carbons  are  Intense,  and  they  have  been  truncated  in  all  spectra  shown  in 

Figure  41.  Tie  spectral  line  downfield  of  line  a,  labeled  i,  is  caused  by  an 

unidentified  impurity  in  MBA.  At  55  min,  some  product  lines  can  be  seen. 

Because  the  product  lines  can  result  from  carbon  atoms  that  have  significantly 

different  NOE's  and  T^'s  from  the  reactant  carbons,  the  line  intensities  are 
not  always  reliable  indicators  of  the  extent  of  the  reaction.  In  Figure  41(e) 
the  product  lines  are  identified. 
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The  line  labeled  e  results  from  a  carbon  atom  remote  from  the  reaction 
site,  yet  it  experienced  a  small  but  measureable  upfield  shift  after  the 
reaction.  Because  the  relaxation  time  of  this  carbon  was  not  expected  to 
change  significantly  as  a  result  of  the  reaction,  it  was  used  to  determine  the 
extent  of  the  reaction.  Figure  41(c),  (d),  and  (e)  shows  spectral  changes 
resulting  from  the  reaction,  and  Figure  42(a)-(e)  shows  details  of  the  spec¬ 
tral  shift  of  the  line  labeled  e.  The  lines  labeled  d  and  f  also  shift  but  to 
a  lesser  extent,  and  accurate  intensity  measurements  were  not  always  possible 
using  these  lines. 

The  reactant  EPOP  concentration  (relative  to  its  initial  concentration) 
was  determined  by  dividing  the  area  beneath  the  downfield  line  e  by  the  sum  of 
areas  of  both  the  upfield  and  downfield  lines  e.  The  results  for  two  similar 
experiments  are  shown  in  Figure  43,  where  the  log  of  the  relative  reactant 
EPOP  concentration  is  plotted  as  a  function  of  time.  In  the  figure,  [EPOP]^ 
and  [MBA]q  denote  the  initial  concentrations  of  EPOP  and  MBA.  The  almost 
linear  nature  of  the  data  suggests  a  pseudo-first-order  reaction.  A  pseudo- 
first-order  reaction  might  be  expected  for  a  tenfold  excess  of  amine  because 
if  the  reaction  were  actually  second-order,  then 


=  -  1^2  [EPOP]  [MBA]  , 


(8) 


and  if  the  MBA  were  in  excess  so  that  its  concentation  could  be  considered  a 
constant  equal  to  [MBA]^,  then 


d[EPOP] 

dt 


-  k„  [EPOP]  [MBA]  , 

L  O 


(9) 


which  is  a  pseudo-first-order  reaction  with  a  solution 


-k  [MBA]  t 

[EPOP]  =  [EPOP]^  e 


(10) 
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Figure  43.  Kinetics  for  the  reaction  of  approximately  1:9.8  mole  neat  mixtures  of  EPOP'.MBA.  The  solid 
line  is  predicted  using  klHXI^  =  4.2  x  lO"*  L-mole‘*s‘*  and  k'  =  8  x  llH*  L^-mole'^s"*. 

Under  these  conditions  the  logarithm  of  the  relative  EPOP  concentation  plotted 
as  a  function  of  time  would  be  linear  with  a  slope  of  -  k2lMBA]g  log  e.  But 
the  data  points  bend  downward  indicating  a  greater-than-expected  reaction  rate 
th  an  increa.se  in  time  rather  than  a  smaller-than-expected  reaction  rate  as 
a  result  of  the  decrease  in  [MBA]  as  the  reaction  proceeded.  Even  though 
there  is  scatter  in  the  data,  both  experiments  support  the  conclusion  chat  the 
data  points  bend  downward.  This  result  Indicates  that  the  product  in  some  way 
acts  to  Increase  the  rate  of  reaction,  i.e.,  the  reaction  is  autocatalytic . 

To  understand  the  kinetics  of  this  reaction,  it  was  necessary  to  perform 
several  experiments  in  which  the  initial  conditions  were  varied  to  provide 
linearly  independent  data.  Figure  44  shows  the  results  of  an  experiment  in 
which  [EPOPjy  was  decreased  by  almost  a  factor  of  two  from  that  shown  In 
Figure  43,  but  (MBAj^^  was  about  the  same.  If  Equations  (8)-(10)  were  correct, 
the  slope  of  the  lines  through  the  data  points  in  Figures  43  and  44  would  be 
the  same,  but  they  are  different.  If  the  difference  Is  the  result  of  an 
autocatalytic  reaction,  then  before  much  of  the  product  was  formed,  near 
t  “  0,  the  slopes  should  be  the  same,  but  they  are  not.  These  results 
suggested  the  presence  of  another  reactant  participating  In  the  reaction, 
perhaps  an  impurity. 
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Figure  44.  Kinetics  for  (he  reaction  of  a  1:19.3  mole  neat  mixture  of  EPOP:MBA.  The  solid  iine  is 
predicted  using  k(HX|o  =  3.4  x  10"*  L-mole**s'*  and  It'  =  8  x  10"*^  L^-mole  -2s'*. 


The  kinetics  equation  that  was  able  to  describe  these  results,  and  the 
results  that  follow,  is 


-  (lEPOP]^  -  IP])  ([MBA]^  -  [P])  fklHX]^  +  k'[P]),  (11) 

where  [HX]q  is  the  concentration  of  a  hydrogen-bond  donor  (an  impurity  in  EPOP 
and/or  MBA),  [P]  is  the  concentration  of  the  product  of  the  epoxy/amine 
reaction,  which  is  also  a  hydrogen-bond  donor  because  of  the  pendant  OH  on  the 
product,  and  k  and  k'  are  the  rate  constants  for  the  reactions  involving  the 
hydrogen-bond  donor  HX  and  the  hydrogen-bond  donor  P,  respectively.  Equation 
(11)  is  applicable  to  two  different  mechanisms  that  have  been  proposed  for  the 
epoxy/amine  reaction,  provided  the  appropriate  steps  in  the  reaction  mechan¬ 
isms  are  rate  controlling.  The  first  mechanism,  shown  in  Figure  45,  was  pro¬ 
posed  by  Smith, and  the  second  mechanism,  shown  in  Figure  46,  was  proposed 
by  Tanaka  and  Mika.^^ 
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Figure  45.  Smith  mechanism  involving  hydrogen  bonding  to  the  epoxy. 
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Figure  46.  Mika  and  Tanaka  mechanism  invoiving  hydrogen  bonding  to  the  amine. 


The  solution  to  Equation  (11)  is  given 


In  f([EP0P]  -  [P])/[EP0P]  } 
^  o 

(k[HX]^  +  k'lEP0P]^)([EP0P]^- 


In  -  [PI)/[MBA]J 

(klHXj^  +  k'  tMBA]^)([EPOP]^  -  [MBA]^^ 


k'  In  {(k  [HX1„  +  k'  [P])/k  [HX] J 

(ktHX]^  +  k'[EPOPl^)(k[HX]^  +  k'(MBA)^  *  ''  ^ 

This  equation  was  fit  to  the  experimental  results  to  determine  k[HX]Q  and 
k'.  The  rate  constant  k'  was  expected  to  be  the  same  for  all  experiments. 
Because  [HX]^  was  not  known,  only  the  product  k(HX]Q  could  be  determined,  and 
because  HX  could  be  present  in  both  EPOP  and  MBA  in  different  concentrations, 
kfHXj^  was  not  expected  to  be  constant  for  all  experiments. 

The  solid  lines  in  Figures  43  and  44  are  best  fits  of  Equation  (12)  to 
the  data  using  a  value  of  k'  «  8  x  10“^  raole”^  which  was  used  to  fit 

all  experimental  data,  more  of  which  is  shown  In  Figures  47-51.  Figure  47 
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shows  the  reaction  of  a  neat  mixture  containing  more  EPOP  than  used  in  the 
experiments  shown  in  Figure  43  and  44.  Since  the  product  concentration  in 
this  experiment  increased  to  larger  values  than  it  did  for  the  experiments 
shown  in  Figures  43  and  44,  the  autocatalytic  effect  (the  k'[P]  term  in 
Equation  (11))  is  more  pronounced,  as  shown  by  the  greater  downward  curvature 
of  the  data. 

Figures  48  and  49  show  the  reactions  for  two  different  concentrations  of 
EPOP  and  MBA,  but  in  both  these  cases,  the  MBA  was  dried  before  it  was  mixed 
with  the  EPOP  by  subjecting  the  MBA  to  a  molecular  sieve,  (4A  pore  size, 
Davison  Chemical).  Comparing  Figures  43  and  48,  which  present  results  of 
identical  experiments  except  for  drying  the  MBA,  shows  that  the  drying  caused 
a  reduction  in  the  reaction  rate  with  a  resulting  smaller  value  for  k.[HX]Q. 

Figures  50  and  51  show  the  results  of  diluting  the  reactants  in  deuter- 
ated  cyclohexane  (CgD|2)*  Because  the  concentrations  of  the  reactants  were 
reduced  by  dilution, the  rates  of  the  reactions  were  reduced  significantly. 

The  Increased  scatter  in  these  data  is  a  result  of  the  smaller  ^^C  NMR  signal 
in  these  dilute  samples. 


Figure  47.  Kinetics  for  the  reaction  of  a  1:5.3  moie  neat  mixture  of  EPOP:MBA.  The  soiid  iine  is 
predicted  using  k(HX|g  =  5  x  10"*  L-moie’U'*  and  k'  =  8  x  10"*  L^-moie  'V*. 
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Figure  48.  Kinetics  for  the  reaction  of  a  1:9.8  mole  mixture  of  EPOPiMBA.  The  MBA  had  been  dried 
with  molecular  sieve  4A.  The  solid  line  is  predicted  using  =  1.3  x  10"^  L-mole'^'^ 

and  k'  =  8  X  1(H*  L^-mole  -V*. 
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Figure  49.  Kinetics  for  the  reaction  of  a  1:7.04  mole  mixture  of  EPOP:MBA.  The  MBA  had  been  dried 
with  moiccniar  sieve  4A.  The  solid  line  is  predicted  using  k[HX]g  =:  2.0  x  10'^  L-moie‘U'* 
and  k'  =  8  X  10^  L^-moie  "V*. 
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Figure  50.  Kinetics  for  the  reaction  of  a  1:9.9  mole  mixture  of  EPOP:MBA  diluted  with  CgDjj  to  0.29 
of  the  neat  concentration.  The  soiid  iine  is  predicted  using  klHXI^  =  2.4  x  10"^  L-mole'*s‘l 
and  k'  *  •  X  10^  L^-mole  -^s**- 
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Figure  51.  Kinetics  for  the  reaction  of  a  1:9.5  mole  mixture  of  EPOP:MBA  dilluted  with  C(D)2  <o  0.15 

of  the  neat  concentration.  The  solid  line  is  predicted  using  k(HX|g  =  1.2  x  10*^  L-mole'*s'*  and 
k'  =  8  X  10"*  L^-mole  -  V*. 
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la  an  effort  to  determine  the  source  of  the  hydrogen-bond  donor  HX 
leading  to  the  term  k.[HX]Q,  it  was  assumed  that  both  the  EPOP  and  MBA  con¬ 
tained  HX  impurities.  As  a  result,  it  was  assumed  that  k[HX]^  could  be  given 
by  a  linear  combination  of  the  initial  EPOP  and  MBA  concentrations,  viz., 

k[HX]  =  A[MBA]  +  B(EPOP]  .  (13) 

0  0  o 


This  equation  is  rewritten  in  the  form  y  =  ax  +  b  by  dividing  both  sides  by 
[EPOP]q  to  yield 

k[HX]^  ^  [MBA]^ 

[EPOP]  “  ^  [EPOP]  '*■ 
o  o 


The  experimental  data,  tabulated  in  Table  4,  are  plotted  in  Figure  52  in  the 
form  of  Equation  (14)  to  determine  A  and  B.  The  nine  points  in  Figure  52  do 
not  fall  on  a  straight  line,  but  this  discrepancy  is  easily  explained.  The 
three  points  denoted  by  squares  are  for  experiments  in  which  the  MBA  was 
dried;  thus,  if  the  molecular  sieve  removed  the  water  or  low-molecular-weight 
hydrogen-bond  donor  in  the  MBA,  the  MBA  for  these  three  experiments  would  not 
have  contributed  to  k[HX]g.  This  lack  of  contribution  to  k[HX]Q  for  these 
three  experiments  requires  setting  the  A[MBA]g/ [EPOP]^  term  in  Equation  (14) 
to  zero,  or  equivalently  shifting  the  three  square  points  in  Figure  52  hori¬ 
zontally  left  to  [MBA] g/ [EPOP] Q  =  0.  The  result  of  this  shift  can  be  visu¬ 
alized  to  fall  close  to  the  straight  line  drawn  through  the  four  other  points 
denoted  by  triangles.  The  two  points  denoted  by  circles  are  for  the  mixtures 
diluted  with  C^Dj2  and  do  not  correctly  belong  to  this  analysis  because  the 
C^Dj2  nay  also  contain  HX,  or  the  C^D^2  alter  the  reaction  mechanisms 
slightly;  therefore  these  two  points  are  neglected.  The  straight  line  shown 
in  Figure  52  is  a  least-squares  fit  to  the  data  with  the  three  square  points 
shifted  to  the  left.  The  least-squares  fit  yielded  A  =  0.34  x  10”^  rnole”^ 
s“*  and  B  »  1.97  x  10~^  mole”^  s”^.  Table  4  compares  the  values  of  k[HX]Q 
determined  from  the  experiments  with  those  determined  using  these  values  of  A 
and  B  in  Equation  (14).  The  agreement  for  the  neat  mixtures  is  excellent  and 
shows  that  the  source  of  the  hydrogen-bond  donors  HX  has  been  quantitatively 
determined  from  these  experiments. 


57 


I 


I  ABH;4.  \>;RIKIt  Al  lON  OK  KHK  SOl  RCK  t)K  THK  HV  1)R0(,K;N-B0.M)  DONORS 
CON TRIBl  1IN(;  TO  THK.  TK.RM  klHXL- 


Type  of 

mixture 

[MBAlo 
(mole-L  ^  1 

[EPOPio 
(mole  L  ^ ) 

[WlBAlo 

[EPOPl  y 

Caicolated  contribution  to  k  [HX] 

.1  -1  o 

(pL-mole  s  )  * 

AIMBA)  BlEPOPl  AIMBA)  +  B[EPOPl 

O  O  0  o 

-  1 

Expenmeniany 
determined 
k  IHX]^ 

(pL-mole'^s'^ } 

Neat 

6.82 

1.280 

5.33 

2.32 

2.52 

4.82 

5.0 

Neat 

7.45 

0.769 

9  69 

2.53 

1.52 

4.05 

4.2 

Neat 

7.49 

0.751 

9.97 

2.55 

1.48 

4.03 

4.2  ^ 

Neat 

7.92 

0.410 

19.32 

2  69 

0.81 

3.50 

3,4 
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Figure  52.  Identification  of  the  sources  of  the  hydrogen-bond  donors  contributing  to  the  term  MHXIq. 

The  solid  line  is  the  least  squares  fit  to  the  data  for  the  neat  mixtures  after  moving  the  three 
□  points  left  to  the  ordinate;  see  text. 


3.1.2  Solid  Studies 

Solid-state  NMR  using  magic-angle  spinning,  cross-polarlzatlon,  and 
hlgh-power  decoupling  was  used  to  obtain  high-resolution  spectra  of 
epoxy/amine  samples  undergoing  reactions  past  the  gel  stage.  Because  of  the 
large  amount  of  time  consumed  In  the  liquid  studies,  the  solid  studies  were 
not  pursued  past  the  preliminary  experiment  stage.  Figure  53  is  included  as 
an  example  of  the  high-resolutlon  NMR  spectrum  of  a  5:0:5  DAB: DDH: DGEBA 
sample  that  was  obtained  in  the  preliminary  experiments  to  determine  optimum 
spectrometer  parameters. 

3.2  Crosslink  Structure  Studies 

In  previous  NMR  studies  of  crossllnked  epoxy  polymers,^* it  was 
observed  that  as  the  temperature  was  Increased,  the  hydrogen  spin-spin  relaxa¬ 
tion  time,  T2,  increased  only  slightly  until  a  certain  temperature  region  was 
reached  where  T2  increased  to  a  significantly  larger  value,  denoted  as  the 
high-temperature  plateau  value  of  T2.  The  temperature  at  which  the  increase 
occurred  was  related  to  the  glass-transition  temperature,  and  the  value  of  T2 
at  the  hlgh-teraperature  plateau  appeared  to  be  related  to  the  crosslink 
density  of  the  epoxy;  smaller  values  of  T2  at  the  plateau  occurred  for  epoxies 
suspected  of  being  more  highly  crossllnked.  These  results  were  tentatively 
explained  as  the  result  of  less  complete  averaging  of  spin-spin  interactions 
caused  by  the  larger  number  of  crosslinks,  which  prevented  complete  isotropic 
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Figure  53.  NMR  spectrum  of  a  solid  5:0:5  DAB;DDH:DGEBA  sample.  The  resonances  are 
identified  in  ppm  relative  to  TMS,  assuming  the  methyl  resonance  is  at  ?0  ppm. 
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molecular  motion.  Similarly,  it  had  been  observed  ’  that  sorbed  solvents  in 
crosslinked  epoxy  polymers  produced  increased  molecular  motion  with  an 
attending  increase  in  the  spin-spin  relaxation  time  T2,  and  the  increase  in  T2 
appeared  to  be  less  for  those  epoxies  suspected  of  being  more  highly 
crosslinked. 

The  purpose  of  this  study  was  to  prepare  a  variety  of  epoxy  polymers 
having  quantifiably  different  crosslink  densities  and  subject  them  to 
temperature-dependent  and  solvent-dependent  NMR  measurements  to  determine  how 
T2  is  related  to  crosslink  density. 

3.2.1  NMR  Sample  Preparation 

Samples  of  DGEBA  were  room-temperature  cured  with  stoichiometric  amounts 
of  six  different  mixtures  of  a  tetrafunctional  amine,  1 ,4-diaminobutane  (DAB) 
and  a  dlfunctlonal  amine,  N,N-dimethyl-l ,6-diaminohexane  (DDH),  as  shown  in 
Figure  1.  These  samples  are  denoted  as  X:Y;Z  where  X  refers  to  the  equiva¬ 
lents  of  DAB,  Y  refers  to  the  equivalents  of  DDH,  and  Z  refers  to  the  equiva¬ 
lents  of  DGEBA  used  in  the  mixture.  In  these  experiments  all  samples  were 
made  from  stoichiometric  mixtures  of  amines  and  epoxy,  so  that  X  +  Y  =  Z.  The 
DAB:DDH:DGEBA  samples  studied  were  0:5:5,  1:4:5,  2:3:5,  3:2:5,  4:1:5,  and 
5:0:5.  Because  of  the  functionalities  of  the  amines,  the  0:5:5  sample  had  the 
lowest  crosslink  density,  and  the  5:0:5  sample  had  the  largest  crosslink 
density. 

3.2.2  NMR  Measurements 

Pulsed  hydrogen  NMR  measurements  were  performed  on  a  variable-temperature 
single-coil  spectrometer  operating  at  100  MHz.  The  signal  from  an  external 
fluorine  sample  at  94  MHz  was  used  to  stabilize  the  magnetic  field  so  that 
small  signals  could  be  signal-averaged  without  the  attendant  drift.  A  tran¬ 
sient  recorder  (Biomotlon  826)  was  used  to  collect  the  data,  and  a  micro¬ 
computer  (Digital  Equipment  Corporation  MINC)  was  used  to  perform  signal 
averaging,  data  storage,  and  analysis. 

Three  different  types  of  pulsed  NMR  experiments  were  performed:  1)  a 
single  90°  pulse  experiment  to  determine  the  relative  amounts  of  rigid  and 
mobile  phases  and  their  spin-spin  relaxation  times  T2,^^  2)  a  180°,  t,  90° 
pulse  experiment  to  determine  the  spin-lattice  relaxation  times  Tj ,  and  3)  a 
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90°,  T,  180°  pulse  experiment  to  more  accurately  measure  long  spin-spin 
relaxation  times 

3.2.3  Characteristics  of  NMR  Signals  from  Crossllnked  Epoxies 

The  free-lnduction  decay  signal  from  a  crossllnked  epoxy  sample  contains 
two  components,  as  shown  in  Figure  54.  The  computer  performs  a  least-squares 
fit  to  the  free-lnduction  decay  signal  to  determine  five  parameters  Aq,  '^2G’ 
n,  and  T2L*  Unplasticized  epoxy  resins  at  room  temperature  generally 
contain  a  true  Gaussian  component,  l.e.,  n  =  2.  In  general  the  Gaussian  com¬ 
ponent  results  from  hydrogen  in  molecules  that  are  rigid,  and  the  Lorentzian 
components  results  from  hydrogen  in  molecules  that  are  undergoing  extensive, 
liquid-like  motion.  Thus,  the  Gaussian  component  results  from  the  rigid  poly¬ 
mer  below  its  glass  transition  temperature,  and  the  Lorentzian  component 
results  from  sorbed  solvents,  plasticized  polymer,  or  polymer  above  its  glass 
transition  temperature.  The  Gaussian  amplitude,  Aq,  and  the  Lorentzian  ampli¬ 
tude,  A^,  are  proportional  to  the  number  of  hydrogens  in  the  rigid  and  mobile 
portions  of  the  polymer,  respectively. 


Signal  -  Gauisian  component  Irigid)  +  Lorentzian  component  (mobile) 

S(t)  “  Aq  exp  j  -  (i/T2q)''|  +  expj- t/T2Lj 

GPIMZOO'Be 


Figure  54.  Hydrogen  NMR  trecinduction  decay  signal. 


3.2.4  Temperature-Dependent  Studies 

Temperature-dependent  NMR  studies  were  performed  on  the  six  different 
DAB:DDH:DGEBA  samples  from  295  K  to  510  K.  The  temperature  dependence  of  the 
Lorentzian  and  Gaussian  spin-spin  relaxation  times  T2j^  and  T2q  and  the 
Lorentzian  fraction  Fj^  (Fj^  =  A^/CA^  +  A^))  of  the  six  samples  are  shown  in 
Figures  55,  56,  and  57  respectively.  In  Figure  56  the  dominant  T2j^  is  plotted 
instead  of  T2Q  for  those  temperatures  at  which  the  signal  is  totally 
Lorentzian  (although  it  may  contain  two  Lorentzian  components).  The  increase 
in  the  T2's  and  with  Increasing  temperature  is  explained  as  follows.  The 

spin-spin  relaxation  time  T2  is  governed  by  magnetic  dipole-dipole  inter¬ 
actions  between  neighboring  hydrogen  spins,  and  the  sign  and  magnitude  of  this 
magnetic  dipole-dipole  interaction  is  dependent  upon  the  relative  positions  of 
the  hydrogens  and  the  relative  directions  in  which  the  spins  are  aligned.  In 
the  absence  of  significant  motion,  this  dipolar  interaction  causes  the  NMR 
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Figure  55.  Temperature  dependence  of  Loreniiian  spin^pin  reiaxalion  lime  for  DAB;DDH:DGEBA 
samples. 
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signal  to  be  Gaussian.  If  one  hydrogen  moves  Isotropically  relative  to 
another  within  a  time  period  that  is  short  compared  with  the  time  required  for 
the  two  hydrogen  spins  to  interact  (this  time  Is  approximately  equal  to  the 
spin-spin  relaxation  time  T2  in  the  absence  of  motion),  then  the  coupling 
fluctuates  In  sign  and  magnitude  so  that  Its  average  value  is  reduced  and  T2 
Increases.  Thus,  an  Increase  In  T2  with  Increasing  temperature  is  an 
Indication  of  the  onset  e£  a  molecular  motion  with  a  correlation  time  about 
equal  to  the  value  of  T2  just  before  the  onset  of  the  molecular  motion.  If 
this  motion  Is  not  completely  Isotropic,  as  a  result  of  steric  effects,  chain 
entanglements,  or  crosslinks,  or  If  only  a  few  molecular  groups  in  the  polymer 
participate  In  the  motion,  the  increase  In  T2  will  cease  and  a  plateau  will  be 
reached.  At  higher  temperatures  other  molecular  groups  may  experience  an 
onset  of  rapid  motion,  or  the  molecular  groups  already  in  motion  may  become 
less  restricted  and  experience  a  more  isotropic  motion,  thus  producing  a 
series  of  Increases  and  plateaus  In  the  temperature  dependence  of  T2. 


Figure  56.  Temperature  dependence  of  spin^spln  relaxation  times  for  DAB:DDH:DGFBA  samples.  The 
solid  symbols  are  the  Gaussian  values,  and  the  open  symbols  are  the  Lorentilan  values. 
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In  these  crossllnked  epoxies  the  motion  is  restricted  by  relatively  per¬ 
manent  chemical  bonds,  and  the  first  plateau  value  was  not  significantly 
exceeded  with  increasing  temperature.  Within  these  inhomogeneous  crossllnked 
epoxies,  it  was  possible  to  have  some  molecular  groups  in  nearly  Isotropic 
motion  and  others  in  anisotropic  motion,  which  produced  NMR  signals  with  both 
Lorentzian  and  Gaussian  components.  The  network  structure  in  these  epoxies 
also  permitted  two  or  more  types  of  nearly  isotropic  motion  at  high  tempera¬ 
tures,  which  produced  NMR  signals  with  two  or  more  Lorentzian  components. 

When  the  NMR  signal  contained  more  than  two  components,  it  was  not  possible  to 
uniquely  decompose  the  signal  into  its  components.  Thus,  only  two  components 
were  considered  in  the  analysis,  which  produced  errors  in  the  results  that 
were  considered  acceptable  at  the  stage  of  this  study. 

The  T2  data  show  that  at  high  temperatures,  the  plateau  values  of  T2 
increase  with  decreasing  crosslink  density.  The  Lorentzian  T2's  at  ~  300  K 
are  about  100  ps;  from  Figure  57  it  is  seen  that  the  Lorentzian  signal  is  at 


FigarcS7.  Temperature  dependence  of  the  Lorentzian  fraction  for  DAB:DDH:DGEBA  samples. 
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most  2%  of  the  total  signal,  so  it  is  possible  that  this  Lorentzian  signal 
resulted  from  sorbed  water  obtained  from  the  ambient  air.  The  Lorentzian- 
fractlon  temperature  dependence  shown  in  Figure  57  illustrates  the  wide  range 
of  glass  transition  temperatures  for  these  samples.  The  glass  transition 
temperatures  of  these  samples  as  determined  from  dynamic  mechanical  measure¬ 
ments  are  compared  with  the  Lorentzian-f raction  transition  temperature  (where 
Fj^  =  0.5)  and  the  spin-spin  relaxation  transition  temperatures  (where  T2Q 
Increases  most  rapidly)  in  Table  5.  The  agreement  between  the  mechanically 
determined  glass  transition  temperature,  sensitive  to  motion  having  a  fre¬ 
quency  “  10  Hz,  and  the  temperature  of  the  F|^  transition,  sensitive  to  motion 
having  a  frequency  »  10  000  Hz,  is  good  if  one  subtracts  36  K  from  the  Fj^ 
transition  temperature.  This  result  compares  well  with  a  7  K  increase  in 
temperature  for  a  factor  of  ten  Increase  in  frequency  typically  found  in 
polymers. 

Because  the  T2's  were  determined  from  the  f ree-lnduction  decays,  they 
tend  to  underestimate  the  true  value  when  T2  >  500  ps.  This  error  is  caused 
by  hydrogens  with  different  chemical  shifts  becoming  out  of  phase  with  each 
other  (because  of  their  different  resonance  frequencies)  before  the  dipolar  T2 
mechanisms  produce  the  dephaslng.  In  many  previous  studies  of  epoxies,  the 
'^2^®  rarely  exceeded  AOO  ps;  hence  this  method  of  determining  T2  was  routinely 
used.  After  realizing  the  seriousness  of  the  errors  in  these  measurements, 
the  pulse-echo  method  (90°,  t,  180°,  t  echo)  was  used  to  determine  the  correct 
value  of  T2L  on  the  high-temperature  plateau.  These  values  of  T21  for  the 
major  and  minor  Lorentzian  components  are  given  in  Table  6. 


TABLES.  COMPARISON  BETWEEN  DIFFERENT  TRANSITION  TEMPERATCRES. 


Tranution  temperature  (K) 

Sample 

Dynamic 
mechanical,  tan  6 

Gaussian  spm  spin 
relaxation  time,  T2Q 

Lorent/ian  fraction, 

0:5:5 

339 

372 

357 

1  4:5 

- 

374 

368 

2  3  5 

348 

382 

380 

3  3  5 

364 

394 

411 

4:1  5 

- 

4(6 

438 

5  0  5 

408 

424 

446 

<.Pt  »  t?008i 
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TABl.Kb.  HKiH-l  KMFKKAl  l'Ri;  PI-ATKAL!  VAl.DKS  OK  THK  I.ORK.NTZIAN  SPIN-SPIN 
RELAXATION  TIMES  UETEKMINEO  OSINti  Pl'l.SE-ECHO  METHOD. 


Sample 

Major  component 

Mine/  component 

Relative 

amplitude 

T2L 

(;is) 

Relative 

amplitude 

^2L 

(ms) 

0.5  5 

1.00 

10  900 

- 

- 

1  4  5 

0.78 

2  500  3  800 

0.22 

30  000 

23  5 

0.81 

440  700 

0  19 

38  000 

3  2.5 

0.83 

310  670 

0.17 

3  600 

4  15 

0.90 

100  350 

0.10 

2  000 

5  0:5 

0.95 

70  160 

0.05 

2  000 

oP  t  I  »200  82 


The  temperature  dependence  of  the  spin-lattice  relaxation  times  Tj  are 
plotted  in  Figure  58  for  the  six  DAB:DDH;DGEBA  samples.  In  general  the  spin- 
lattice  relaxation  time  passes  through  a  minimum  when  molecular  motion  in  the 

sample  has  a  correlation  time,  x  ~  O-l/f^  where  f^  is  the  spectrometc” 

27 

frequency.  '  Thus,  at  the  minimum,  a  particular  molecular  group  has  a  cor¬ 
relation  time  of  10~^s.  The  motion  responsible  for  the  minimum  shown  in 
Figure  58  is  probably  the  methylene  group  motion  in  the  DAB  and  DDH. 

Assignment  of  the  minimum  in  Tj  to  the  methylene  group  motion  is  based 
primarily  on  two  previous  studies.  In  the  first  study  of  the  DGKBA:DETA 
system,^®  a  minimum  above  400  K  was  suspected,  and  as  the  stoichiometry  was 
varied  the  rate  of  spin-lattice  relaxation  Tj~^  was  in  direct  proportion  to 
the  number  of  methylene  groups  in  the  DETA.  In  the  second  study  of  the 
MY720:DDH  system,^  a  minimum  in  Tj  occurred  between  420  K  and  500  K,  depending 
upon  the  stoichiometry,  and  as  in  the  DGEBA:DETA  system,  the  rate  of  spin- 
lattice  relaxation  was  in  direct  proportion  to  the  number  of  methylene 

groups  in  the  DDH.  In  these  two  previous  studies,  the  minima  occurred  at 
lower  temperatures  as  the  crosslink  density  decreased,  as  it  does  here,  as 
shown  in  Figure  58.  The  lower-temperature  minimum  of  the  DDH-rlch  samples 
shows  that  the  greater  length  of  the  chains  between  crosslinks  in  these 
samples  causes  the  methylene  group  motion  to  begin  at  a  lower  temperature  than 
in  the  DAB-rlch  samples.  The  value  of  Tj^  at  the  minimum  is  smaller  for  the 
DDH-rlch  samples  than  for  the  DAB-rich  samples  because  DDH  contains  six  methy¬ 
lene  groups  while  DAB  contains  only  four  methylene  groups.  Also,  the  broader 
minimum  for  the  highly  crossllnked  DAB-rlch  sample  suggests  that  a  broader 
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Figure  58.  Temperature  dependence  of  the  spin-lattice  relaxation  lime  for  DAB:DDH:D(iFBA  samples. 


range  of  motional  correlation  times  exists  in  the  DAB-rich  sample  than  in  the 
DDH-rich  sample. 

3.2.5  Solvent-Dependent  Studies 

In  previous  hydrogen  NMR  studies^’^®’^^  it  was  observed  that  the  sizes  of 
the  mobile  regions  in  crosslinked  epoxy  samples  containing  large  amounts  of 
sorbed  chloroform  were  larger  than  those  in  samples  containing  smaller  amounts 
of  sorbed  water.  It  was  suspected  that  the  swelling  caused  by  sorbing  large 
quantities  of  chloroform  caused  bond  rupture  which  produced  larger-sized 
mobile  regions.  \8  a  result,  rather  than  immersing  the  samples  in  solvent  and 
performing  a  series  of  measurements  as  various  amounts  of  sorbed  solvent  were 
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removed,  it  was  decided  to  subject  the  sample  to  increasing  vapor  pressures  of 
the  solvent.  In  this  way  it  might  be  possible  to  determine  if  the  sizes  of 
the  mobile  region  remain  constant  for  small  amounts  of  sorbed  solvent,  and 
then  increase  as  molecular  bonds  rupture  as  more  solvent  is  sorbed.  The 
experimental  procedures  that  had  to  be  developed  and  perfected  for  this  study 
were  difficult  and  time  consuming,  and  measurements  of  the  sizes  of  the  mobile 
regions  was  not  performed.  However,  a  complete  series  of  solvent-dependent 
measurements  was  performed  to  compare  with  the  temperature-dependent 
measurements . 

The  vapor  pressure  of  the  methylene  chloride  used  in  the  study  was  con¬ 
trolled  by  dissolving  methylene  chloride  (Fisher  D-37)  in  paraffin  oil  (Fisher 
0-1109).  Solutions  of  known  concentrations  were  used  at  first,  but  it  later 
became  evident  that  the  concentration  changed  with  time  as  the  methylene 
chloride  was  consumed  or  inadvertently  lost  through  evaporation.  As  a  result, 
the  methylene  chloride  vapor  pressures  were  determined  and  monitored  using 
density  measurements.  The  apparatus  in  Figure  59  was  used  to  determine  the 


relatioa  between  the  methylene  chloride  vapor  pressure  and  the  density  of  the 
methylene-chloride/paraffin-oil  mixture.  The  procedure  consisted  of  first 
filling  the  sample  tube  with  a  mixture  rich  in  methylene  chloride  and  then 
evacuating  the  entire  system  for  a  short  time.  During  this  evacuation,  sorbed 
gases  were  removed  from  the  mixture  as  the  mixture  boiled;  the  magnetic 
stirrer  was  agitated  during  evacuation  to  prevent  violent  boiling.  Valve  2 
was  then  closed,  and  the  rest  of  the  system  was  pumped  to  a  low 
pressure,  (<  133  Pa).  The  three-way  valve  was  closed,  and  valve  2  was 
opened.  After  waiting  for  the  temperature  of  the  mixture  to  reach  room 
temperature,  the  vapor  pressure  and  density  were  recorded.  Then  the  three-way 
valve  was  opened  to  volatilize  more  methylene  chloride  from  the  mixture  so 
that  another  vapor  pressure  and  density  p  lir  could  be  measured.  This 
procedure  was  repeated  several  times,  and  the  resulting  data  are  shown  in 
Figure  60.  The  vapor  pressure  P  shown  in  Figure  60  is  normalized  by  dividing 
by  the  room-temperature  (297  K)  vapor  pressure  Pq  (=  54.7  kPa)  of  the  pure 
methylene  chloride  solution.  The  solid  line  in  Figure  60  is  a  best  fit  to  the 
data  assuming  validity  of  Raoult's  law  and  the  additivity  of  the  volumes  in 
the  mixture,  viz. , 


/  ^  "  p/pm  ^  ^ 


(15) 


where  p,  (=  1.317  g/cm^),  and  pp  (=  0.847  g/cm^)  are  the  densities  of  the 
mixture,  methylene  chloride,  and  paraff.n  oil,  respectively,  and  Mj^  (=  84.9) 
and  Mp  (“?)  are  the  molecular  weights  of  the  methylene  chloride  and  paraffin 
oil,  respectively.  The  best  fit  to  the  data  yielded  an  effective  molecular 
weight  Mp  of  500  for  the  paraffin  oil.  During  the  solvent-dependent  measure¬ 
ments,  the  density  of  the  methylene  chloride/paraffin  oil  mixture  was 
measured,  and  then  Equation  (15)  was  used  to  determine  P/Pq. 


The  epoxy  samples  were  cut  into  small  pieces  so  they  could  quickly  sorb 
the  methylene  chloride  vapor.  About  40  mg  of  the  shavings  were  loosely  packed 
into  a  5  mm  o.d.  NMR  tube  that  was  fully  open  at  the  top  and  had  a  0.5  mm 
diameter  hole  in  the  bottom.  About  5  mg  of  quartz  wool  (which  did  not  sorb 
significant  quantities  of  methylene  chloride)  were  placed  at  each  end  of  the 
epoxy  shavings  to  hold  them  in  place  in  the  NMR  tube.  Vapor  pumps  were 
devised  for  rapidly  Introducing  the  methylene  chloride  vapors  to  Che  epoxy 
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Figure  60.  Normalized  pressure  of  meiKyiene  chloride  vapor  in  equilibrium  wiih  a  methylene- 
chloride/paraffin-oil  mixture.  The  solid  line  is  a  fit  to  the  data  using  Raoult's  law. 


samples,  as  shown  in  Figure  61.  The  NMR  tube  was  held  in  place  by  air-tight 
fittings  over  the  top  of  a  U-tube  containing  the  raethylene-chloride/paraf fin- 
oil  mixture.  The  entire  apparatus  was  rotated  back  and  forth  about  the  axis 
indicated  in  the  figure.  As  the  fluid  moved  up  and  down  in  both  arms  of  the 
U-tube,  it  forced  the  methylene  chloride  vapor  back  and  forth  past  the  epoxy 
sample  in  “the  NMR  tube.  The  angle  of  rotation  was  about  ±  40°  and  the  fre¬ 
quency  of  the  rotation  was  about  four  times  a  minute.  With  no  rotation  it 
took  over  48  h  for  the  sample  to  come  into  equilibrium  with  the  vapor,  but 
with  rotation  it  took  about  1.5  h  to  reach  equilibrium.  However,  4  h  or  more 
were  used  to  assure  equilibrium. 
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Sample 


Figure  61.  Vapor  pump  for  rapidly  introducing  methylene  chloride  vapor  to  the  epoxy  sample. 


Two  of  each  of  the  six  different  DAB:DDH:DGEBA  epoxy  samples  were  pre¬ 
pared  and  w.^ighed  for  the  solvent-dependent  measurements.  At  the  start  of 
this  experiment,  four  samples  were  placed  on  the  four  vapor  pumps  containing 
only  paraffin  oil,  and  the  systems  were  evacuated  for  at  least  4  h.  After 
evacuation,  a  sample  was  removed  and  capped  at  both  ends,  and  the  density  of 
the  mixture  was  measured.  A  new  sample  was  placed  on  the  pump,  and  NMR  mea¬ 
surements  were  performed  (the  bottom  cap  was  removed  during  this  time  »  15 
min).  The  NMR  tube  was  then  weighed  after  flushing  with  40  cm^  of  air  to 
remove  methylene  chloride  vapors  (which  could  increase  the  weight  by  as  much 
as  4  mg,  or  lOZ  of  the  original  sample  weight).  After  all  12  samples  had  been 
processed  in  this  manner,  a  small  amount  of  methylene-chloride  was  added  to 
the  vapor  pumps  and  the  process  was  repeated.  This  process  was  repeated 
several  times  to  obtain  the  solvent-dependent  data. 

Figure  62  shows  the  room-temperature  sorption  Isotherms  that  were  gener¬ 
ated  as  a  result  of  the  weight  measurements  during  the  course  of  the  solvent- 
dependent  NMR  study.  Lack  of  time  prevented  measurements  between  P/Pq  =  0.8 
and  1.0.  The  open  and  solid  data  points  represent  data  from  the  pairs  of  like 
samples.  The  vertical  scale  la  defined  so  that  equal  weights  of  methylene 
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Figure  62.  Room-temperature  sorption  isotherms  for  DAB:DDH;DGEBA  samples  exposed  to  methylene 
chloride. 


chloride  and  epoxy  are  at  50%  on  the  scale.  The  scatter  in  these  data  is 
larger  than  anticipated  and  is  probably  caused  by  variable  weight  losses 
between  the  time  of  removing  the  sample  from  the  vapor  pump  and  the  time  of 
measuring  the  sample  weight.  Even  with  the  scatter,  it  is  obvious  that  the 
epoxies  having  the  smallest  crosslink  density  sorb  the  largest  amounts  of 
methylene  chloride.  The  relation  between  the  crosslink  density  and  the  amount 
of  sorbed  methylene  chloride  will  be  quantitatively  discussed  in  Section 
3.2.6. 


The  solvent-dependent  NMR  measurements  are  similar  to  the  temperature- 
dependent  NMR  measurements,  and  the  data  are  presented  in  the  same  manner 
except  that  Instead  of  temperature  being  the  independent  variable,  the 
methylene  chloride  content  (wt%)  or  normalized  methylene  chloride  vapor 
pressure  is  the  independent  variable. 
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In  previous  hydrogen  NMR  studies^* of  highly  crossllnked  epoxy  resins 
containing  sorbed  water,  the  Lorentzian  fraction  Fj^  could  be  quantitatively 
accounted  for  by  the  hydrogen  contained  in  the  sorbed  water  plus  the  hydrogens 
contained  in  deliberately  added  non-stoichiometrlc  excess  amine.  In  stoichio¬ 
metric  epoxies  few  if  any  hydrogens  contained  in  the  polymer  contributed  to 
the  Lorentzian  component  when  plasticized  with  water.  In  this  study  of 
stoichiometrically  cured  DAB:DDH;DGEBA  epoxy  polymers,  which  contain  no  excess 
amine,  the  hydrogens  in  the  polymer  were  observed  to  contribute  to  the 
Lorentzian  component  when  plasticized  with  methylene  chloride.  This  result  is 
shown  in  Figure  63,  where  the  dotted  line  shows  the  predicted  Lorentzian  frac¬ 
tion  if  only  the  hydrogens  in  the  methylene  chloride  contributed  to  the 
Lorentzian  component.  The  data  for  the  5:0:5  sample,  which  is  the  most  highly 
crossllnked  of  these  samples,  lie  along  the  predicted  curve  (except  near  0  wt% 


Figure 63.  Lorentzian  fraction  of  DAB:DDH:DGEBA  samples  as  a  function  of  sorbed  methylene 

chloride.  The  dashed  line  is  predicted  if  only  the  hydrogens  in  the  methylene  chloride  produced 
the  Lorentzian  component. 
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methylene  chloride,  where  sorbed  water  from  the  ambient  air  causes  a  larger 
than  expected  Lorentzian  fraction).  This  result  is  similar  to  that  obtained 
in  the  earlier  studies.^’ The  data  for  the  4:1:5  sample  lie  perceptibly 
above  the  predicted  curve,  which  indicates  sufficient  plasticization  to  cause 
some  of  the  polymer  to  undergo  extensive  molecular  motion.  The  other  curves 
show  that  as  the  crosslink  density  decreases,  the  ability  of  the  solvent  to 
cause  the  polymer  to  undergo  extensive  molecular  motion  increases. 

Figures  64  and  65  show  the  dependence  of  the  Gaussian  spin-spin  relaxa¬ 
tion  time  on  the  methylene  chloride  normalized  vapor  pressure  P/Pq  and  solvent 
content,  respectively.  When  plotted  against  P/P^,  large  differences  between 
the  samples  are  observed;  the  differences  are  enhanced  in  this  plot  because 
the  differences  are  primarily  caused  by  differences  in  sorbed  solvent  content. 
In  Figure  65  the  differences  between  the  samples  are  less  pronounced.  The 
highly  crossllnked  samples,  5:0:5,  4:1:5,  3:2:5,  and  even  the  2:3:5,  exhibit 
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Figure  64.  Gaussian  spin-spin  relaxaiion  limes  of  DAB:DDH;DGEBA  samples  exposed  to  methylene 
chloride  vapor. 
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Figure  65.  Gaussian  spin-spin  reiaxarion  times  of  DAB:DDH:DGEBA  samples  as  a  function  of  sorbed 
methylene  chloride. 


similar  Increases  in  T2Q  with  increasing  solvent  content.  Only  the  lightly 
crosslinked  samples  0:5:5  and  1:4:5  exhibit  what  can  be  regarded  as  distinctly 
different  behavior. 

Figure  66  shows  the  dependence  of  the  Lorentzlan  spin-spin  relaxation 
time  on  methylene  chloride  content.  These  results  are  subject  to  many  errors, 
and  conclusions  derived  from  them  are  only  tentative.  The  errors  were  caused 
by  nonunique  decomposition  of  the  f ree-lnductlon  decay  into  two  components, 
especially  when  the  amplitude  of  the  Lorentzlan  component  being  measured  was 
small  (see  Figure  63),  and  failure  to  use  the  spin-echo  method  for  determining 
the  T2'8  when  they  became  large.  This  last  error  was  not  present  in  a  separ¬ 
ate  set  of  experiements  in  which  NMR  measurements  were  made  on  samples  that 
had  been  exposed  to  pure  methylene  chloride  vapor  (P/Pq  =  1).  These  results 
are  shown  in  Table  7,  where  it  is  seen  that  two  Lorentzlan  components  were  ob¬ 
served  in  all  samples.  Because  no  Gaussian  components  were  observed,  it  is 


75 


Lorentzian  spin-spin  relaxation  time. 


( 


Figure  66.  Lorentzian  spin-spin  reiaxalion  times  of  DAB:DDH:DGEBA  samples  as  a  function  of  sorbed 
methylene  chloride. 


TABLE  7.  LORENTZIAN  SPIN-SPIN  RELAXATION  TIMES  OF  SAMPLES  SATURATED  WITH 
METHYLENE  CHLORIDE  VAPOR  <P/P^  =  I)  DETERMINED  USING  THE  PULSE- 
ECHO  METHOD. 


Sample 

Methylene 

chloride 

content 

(wt%) 

Major  Lorentzian  component 

Minor  Lorentzian  component 

Fraction  of  the 
hydrogens 
contained  in 
methylene  chloride 

Relative 

amplitude 

^2L 

flit) 

Relative 

amplitude 

^2L 

(|iS) 

0:5:5 

78 

~  0.7 

10  600 

~  0.3 

~  5  000 

0.48 

1:4:5 

60 

0.72 

4  400 

0.28 

15  000 

0.29 

3:3.5 

42 

0.82 

530 

0.18 

24  000 

0.17 

3:2:5 

34 

0.85 

290 

0.15 

9  900 

0.13 

4:1:5 

32 

0.85 

205 

0.15 

6  700 

0.12 

5:0:5 

26 

0.87 

200 

0.13 

7  800 

0.10 
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concluded  that  the  molecular  motion  was  nearly  isotropic,  even  for  the  highly 
crosslinked  sample  5:0:5.  However,  the  fact  that  the  T2's  for  the  highly 
crosslinked  samples  were  smaller  than  those  for  the  lightly  crosslinked 
samples  does  indicate  more  anisotropic  (restricted)  motion  in  the  highly 
crosslinked  samples. 

In  Table  7  there  is  reasonably  good  agreement  between  the  fraction  of 
hydrogens  contained  in  the  methylene  chloride  and  the  relative  amplitude  of 
the  minor  Lorentzian  component  (except  for  sample  0:5:5).  This  agreement 
suggests  that  the  minor  Lorentzian  component  is  caused  almost  totally  by  the 
methylene  chloride  hydrogens.  The  fact  that  the  methylene  chloride  hydrogens 
contributed  a  separate  NMR  component  with  distinctly  different  spin-spin  rela¬ 
tion  times  T2l  implies  that  the  motion  of  the  methylene  chloride  is  distinctly 
different  from  that  of  the  polymer,  even  though  the  Lorentzian  character  of 
the  NMR  component  assigned  to  the  polymer  implies  nearly  Isotropic  polymer 
motion.  Table  7  shows  different  results  for  the  0:5:5  sample.  Here,  for  this 
lightly  crosslinked  sample,  the  solvent  and  a  large  portion  of  the  polymer 
exhibit  similar  motions;  in  this  case  the  minor  Lorentzian  component  repre¬ 
sents  the  less  mobile  portions  of  polymer. 

Returning  to  Figure  66,  it  is  necessary  to  explain  why  the  T2l"® 
more  highly  crosslinked  samples  can  be  greater  than  those  for  the  more  lightly 
crosslinked  samples  for  equal  solvent  contents.  It  is  also  necessary  to 
explain  the  large  value  of  T2L  of  the  minor  Lorentzian  component  shown  in 
Table  7  for  sample  2:3:5.  These  results  are  tentatively  explained  in  terms  of 
the  inhomogeneities  suspected  in  crosslinked  epoxy  polymers  as  a  result  of  a 
nonuniform  distribution  of  crosslinks.  If  the  solvent  were  to  selectively 
reside  in  the  lightly  crosslinked  regions  of  a  highly  inhomogeneous  polymer, 
the  molecular  motion  that  the  solvent  would  produce  could  easily  be  greater 
than  the  motion  it  would  produce  if  it  were  uniformly  distributed  throughout  a 
more  homgeneous  polymer.  If  this  explanation  is  correct,  then  the  2:3:5 
sample  is  the  most  inhomogeneous  of  the  samples  (contains  the  largest  sized 
mobile  regions).  Unfortunately,  lack  of  time  prevented  the  NMR  determination 
of  the  sizes  of  the  mobile  regions  for  these  samples. 

The  solvent  dependence  of  the  spin-lattice  relaxation  time  T^  is  shown  in 
Figure  67,  which  should  be  compared  with  the  temperature  dependence  of  the 
spin-lattice  relaxation  time  shown  in  Figure  58.  As  either  solvent  content  or 


Figure  67.  Spin-lattice  relaxation  times  of  DAB:DDH:DGEBA  samples  as  a  function  of  sorbed  methylene 
chloride. 


temperature  was  increased,  the  Tj  for  sample  5:0:5  increased  and  then  later 
decreased.  Likewise  the  for  sample  0:5:5  decreased  to  a  minimum.  Because 
of  the  limited  solvent  data,  it  is  not  possible  to  determine  a  detailed  rela¬ 
tion  between  the  solvent  and  temperature  effects. 

3.2.6  Crosslink  Density  Determinations 

Although  the  crosslink  densities  of  the  DAB:DDH:DGEBA  samples  are  not 
necessarily  given  by  their  composition  because  of  the  variety  of  competing 
chemical  reactions  that  occur  during  curing,  these  values  were  calculated  for 
comparison  with  those  determined  from  experimental  results.  In  these  cal¬ 
culations  it  was  assumed  that  the  DAB  molecule  contained  two  trifunctional 
crosslink  points  connected  by  the  methylene  groups  rather  than  assuming  a 
tetrafunctlonal  crosslink  point.  In  a  polymer  that  has  n-functional  crosslink 
points,  there  are  n-chalns  connecting  crosslink  points  for  every  two  crosslink 
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points.  In  addition  to  computing  the  molecular  weight  between  crosslink 
points,  for  later  calculations  It  Is  necessary  to  know  the  number  of  chemical 
bonds  along  the  backbone  of  the  polymer  chain  between  crosslink  points 
(actually,  the  number  of  statistically  Independent  segments  is  required,  but 
this  value  is  related  to  the  number  of  bonds  along  the  backbone).  For  this 
purpose  It  was  assumed  that  DAB  had  five  backbone  bonds  and  a  molecular  weight 
of  88,  DDK  had  seven  backbone  bonds  and  a  molecular  weight  of  144,  and  DGEBA 
had  ten  backbone  bonds  and  a  molecular  weight  of  340.  Thus,  the  3:2:5  poly¬ 
mer,  where  3/4  moles  of  DAB  and  2/2  moles  of  DDK  were  added  to  5/2  moles  of 
DGEBA,  on  a  per  mole  basis:  1)  the  DAB  contributed  (3/4)  x  5  backbone  bonds, 
(3/4)  X  2  crosslink  points,  and  (3/4)  x  88  g  weight,  2)  the  DDH  contributed 
(2/2)  X  7  backbone  bonds,  no  crosslink  points,  and  (2/2)  x  144  g  weight,  and 
3)  the  DGEBA  contributed  (5/2)  x  10  backbone  bonds,  no  crosslink  points,  and 
(5/2)  x  340  g  weight.  The  totals  are  37.75  backbone  bonds,  1.5  crosslink 
points,  and  1060  g  weight.  Since  there  are  three  chains  per  two  crosslink 
points,  there  are  2.25  chains,  giving  an  average  of  15.9  (=  37.75/2.25) 
backbone  bonds  per  chain  and  an  average  weight  of  471  g  (=»  1060/2.25) 
between  crosslink  points.  Table  8  shows  the  calculated  crosslink  parmeters 
for  the  DAB : DDH : DGEBA  samples. 

The  molecular  weight  between  crosslinks  was  determined  from  the 
sorption  data  using  the  relatlon^^*^^’^^ 


In  a 


ln(l  -  v^)  +  V2 


+  Xi-2 


V.2  + 


^  _  2v  /f) 


(16) 


TABLES.  CALCULATED  CROSSLINK  PARAMETERS  FOR  THE  DAB.DDH.DGEBA  SAMPLES. 


Sample 

Average  molecular 
weight  between 
crosslink) 

(9) 

Average  number 
of  bonds  between 
crosslinks 

0:5:5 

00 

00 

1:4:5 

1547 

53.7 

2:3:5 

740 

25.3 

3:2:5 

471 

15.9 

4:1:5 

337 

11.2 

5:0:5 

256 

8.3 

GPn  1200  64 


79 


where  a  is  the  activity  of  the  solvent,  assumed  equal  to  P/Pq,  Mg  and  pg  are 
the  molecular  weight  and  density  of  the  solvent,  pp  is  the  density  of  the 
unswollen  polymer,  V2  is  the  volume  fraction  of  the  swollen  polymer,  xj 
dimensionless  Flory-Hugglns  Interaction  parameter,  and  f  is  the  functionality 
of  the  crosslink.  This  equation  was  used  assuming  equality  of  the  solvent 
volume  fraction  (I  -  V2)  and  solvent  weight  fraction.  The  value  for  was 
found  to  be  equal  to  0.59  by  fitting  Equation  (16)  to  the  methylene  chloride 
weight  fraction  data  at  P/Pq  =  1  for  the  0:5:5  sample  assuming  =  »,  This 
value  of  xj  Is  in  reasonable  agreement  with  the  value  of  0.49  that  was  deter¬ 
mined  independently  by  another  method  in  Section  2.2.  Using  this  value  of 
in  Equation  (16),  the  values  of  for  the  other  samples  were  determined  from 
the  measured  methylene  chloride  content  data  given  in  Table  7  for  P/P^j  =  1. 
Then  using  these  values  of  and  M^  in  Equation  (16),  the  sorption  isotherm 
data  were  calculated  and  plotted  In  Figure  68  along  with  the  smooched  experi¬ 
mental  data  from  Figure  62  and  Table  7.  The  fits  of  Equation  (16)  to  the  data 
are  good  for  the  lightly  crosslinked  samples,  0:5:5  and  1:4:5,  but  deviate 
significantly  for  the  more  heavily  crosslinked  samples,  which  is  not  unex¬ 
pected  because  Equation  (16)  is  best  suited  for  lightly  crosslinked  systems. 

The  values  of  determined  using  Equation  (16)  are  compared  with  the 
calculated  values  of  In  Figure  69.  The  experimentally  determined  values 
underestimate  the  predicted  values  for  all  samples  except  the  1:4:5  sample. 
Since  Equation  (16)  is  applicable  for  large  molecular  weights  (M^  3000) 

between  crosslinks,  it  is  not  unexpected  that  the  values  of  Mq  determined 
using  Equation  (16)  underestimate  the  predicted  value.  However,  it  is  unex¬ 
pected  that  the  determined  value  of  Hq  for  the  1:4:5  sample  is  larger  Chan 
calculated . 

The  correlation  between  the  high-temperature  and  high-solvent  content 
values  of  the  spin-spin  relaxation  time  T2  and  the  crosslink  density  are  now 
examined.  Figure  70  shows  these  values  of  T2  plotted  as  a  function  of  the 
calculated  molecular  weight  between  crosslinks.  The  solid  lines  are  predicted 
on  the  basis  of  a  statistical  analysis  of  the  range  of  angles  over  which 
neighboring  hydrogen  spins  can  possibly  be  oriented,  assuming  a  particular 
number  of  independently  rotatable  segments  along  the  chain. The  results  of 
this  analysis  Indicate  that  the  limiting,  or  plateau,  value  of  T2  is  given  by 
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Methylene  chloride  weight  fraction 
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Figure  68. 


Figure  69. 


Caicuiated  equiiibrium  epoxy  volume  fractions  as  a  function  of  methylene  chloride  vapor 
pressure  compared  with  the  measured  methylene  chloride  weight  fractions.  Agreement  is  good 
for  low  crosslink  density  epoxies  at  all  pressures,  but  is  poor  for  high  crosslink  density  epoxies 
at  low  pressures. 
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Comparison  oi  molecular  weight  between  crosslinks  of  DAB:POH;DER  epoxy  samples  as 
predicted  from  stoichiometry  and  as  determined  from  swelling  measurements.  The  solid  line 
identifies  perfect  agreement. 
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Molecular  weight  between  crosslinks, 
predicted  from  stoichiometry ,  M^(g) 

GP)!  1200  68 

Figure  70.  Plateau  values  of  spin-spin  relaxation  times  of  DAB:DDH:DER  epoxy  samples  at  high 
temperature  (vertical  bars)  or  saturated  with  methylene  chloride  ( ^ ).  The  solid  lines  are 
predicted  assuming  S  backbone  bonds  are  per  statistical  segment. 


T  = 
2 


5.6  Z 


(17) 


where  Z  is  the  number  of  statistical  segments  along  the  chain  between  cross¬ 
links,  y  is  the  gyromagnetlc  ratio  of  the  hydrogen  nucleus  (=  2.67  x  10® 

—  1  —  1  2 

rad*  s  T”-*),  and  (AH  )  is  the  second  moment  of  the  rigid  lattice 
-7  2  ° 

(»  1.6  X  10  T  ).  This  equation  clearly  states  that  the  larger  the  number  of 
statistical  segments  Z  along  the  chain,  the  easier  the  chain  can  move  iso¬ 
tropically  and  hence  the  larger  will  be  12*  The  two  lines  drawn  in  Figure  70 
were  obtained  from  Equation  (17)  assuming  Z  equal  to  the  average  number  of 
backbone  bonds  along  the  chain  between  crosslinks,  as  tabulated  in  Table  8, 
and  assuming  Z  reduced  by  a  factor  of  2.5,  i.e.,  there  were  2.5  backbone  bonds 
per  statistical  segment.  The  agreement  for  the  latter  line  is  good.  Hence 
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the  NMR  data,  like  the  sorption  data  shown  in  Figure  69,  show  an  anomaly  with 
the  1:4:5  sample.  Either  the  analyses  of  both  sets  of  data  show  this  discrep¬ 
ancy  because  they  fall  at  large  crosslink  densities  and  not  at  small  crosslink 
densities,  or  sample  1:4:5  has  a  smaller  crosslink  density  than  predicted  on 
the  basis  of  the  stoichiometry. 
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A.  SUMMARY  OF  CONCLUSIONS 


4.1  EPR  Conclusions 

•  The  reaction  rates  for  the  initial  step  in  the  reactions  of  a  secondary 
amine  and  tertiary  amine  nitroxide  with  DGEBA  obey  pseudo-first-order 
kinetics  at  low  nitroxide  concentrations. 

•  The  temperature  dependence  of  both  reaction  rates  is  given  by  kj^2  “ 
kjj  exp  -  AE/RT,  where  k^  =  7.8  x  10^  s~^  and  AE  =  41.5  kJ*mole“^. 

•  The  spectra  of  the  spin  probe  TANOL  in  amine-cured  samples  with  differ¬ 
ent  average  crosslink  densities  can  be  characterized  by  one  motional 
correlation  time  at  each  temperature,  thus  giving  no  indication  of  any 
distribution  of  correlation  times. 

•  The  motional  correlation  time  for  TANOL  in  these  amine-cured  samples 
above  T  obeys  the  WLF  equation. 

O 

•  The  logarithm  of  the  motional  correlation  time  for  TANOL  in  these 
amine-cured  epoxy  samples  is  linearly  dependent  on  the  crosslink 
density  over  the  range  of  crosslink  densities  studied. 

•  The  spectra  of  TANOL  in  these  amine-cured  epoxy  samples  plasticized 
with  methylene  chloride  can  be  characterized  by  a  bimodal  distribution 
of  motional  correlation  times  at  some  solvent  contents. 

•  The  bimodal  spectrum  provides  information  on  the  extent  and  amount  of 
crosslink  density  variations  within  a  given  sample. 

•  The  mobile  fraction  evaluated  from  the  area  under  the  fast-phase  spec¬ 
trum  in  plasticized  epoxy  samples  is  approximately  linearly  dependent 
on  the  solvent  weight  fraction. 

•  The  behavior  of  the  spectra  of  TANOL  in  the  plasticized  amine-cured 
epoxy  samples  varies  only  slightly  with  average  crosslink  density. 
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•  Fast-phase  spectra  (t^  <  3  x  10  s)  for  nitroxldes  in  dry  or  plasti¬ 
cized  epoxy  samples  are  always  observed  when  the  host  region  for  the 
nitroxide  is  above  its  Tg  value. 

•  Reasonable  crosslink  densities  for  amine-cured  epoxy  can  be  calculated 
from  dynamic  mechanical  analysis  data. 

•  Amlne-nitroxides  which  are  diffused  into  cured  epoxy  samples  covalently 
bind  to  unreacted  epoxy  groups  in  the  polymer, 

4.2  NMR  Conclusions 

•  The  kinetics  of  the  epoxy/amine  reaction  can  be  monitored  using 
NMR. 

•  The  rate  of  the  EPOP/MBA  reaction  is  dependent  upon  hydrogen-bond 
donors  in  the  mixture;  thus  it  is  a  third-order  reaction. 

•  The  hydrogen-bond  donors  are  present  as  impurities  in  the  EPOP  and  the 
MBA  and  also  are  created  by  the  reaction. 

•  The  room-temperature  rate  constant  for  the  third-order  reaction  of  EPOP 
and  MBA  involving  the  hydrogen-bond  donor  created  during  the  reaction 
was  8  X  10“^  mole~^  s~^. 

•  The  sources  of  the  hydrogen-bond  donors  present  as  impurities  of  the 

1 

starting  materials  were  quantitatively  identified  using  NMR. 

•  The  hydrogen  spin-spin  relaxation  times  of  DAB;DDH;DGEBA  polymers  at 
high  temperature  or  saturated  with  methylene  chloride  are  related  to 
the  crosslink  density. 

•  The  relation  between  the  hydrogen  spin-spin  relaxation  time  and  the 
crosslink  density  is  in  agreement  with  the  predictions  of  Gotllb 

et  al.^^ 
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•  Crosslinked  t)AB:DDH:DGEBA  polymers  saturated  with  sorbed  methylene 
chloride  display  a  f ree-induction  decay  signal  containing  two 
Lorentzian  components,  and  within  experimental  error,  one  component  can 
be  identified  as  originating  from  the  polymer  and  the  second  component 
can  be  Identified  as  originating  from  the  methylene  chloride. 

•  At  low  methylene  chloride  contents  (<  20  wt%),  the  f ree-induction 
decay  signal  from  the  highly  crosslinked  5:0:5  DAB:DDH:DGEBA  sample 
contained  Gaussian  and  Lorentzian  components,  and  the  Lorentzian  compo¬ 
nent  was  due  totally  to  the  sorbed  methylene  chloride.  For 

DAB : DDH : DGEBA  samples  having  smaller  crosslink  densities,  the 
Lorentzian  component  was  larger  and  was  due  to  plasticized  polymer 
as  well  as  methylene  chloride. 
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APPENDIX  A:  Pseudo-flrsc-order  reaction  rates  in 
spin-label  formation 


In  the  reaction 


■‘I 

nitroxlde  amine  +  DGEBA  spin  label, 
<p)  (U 


the  rate  of  disappearance  of  P  can  be  written: 
^  -  k}  [DGEBA]  [P]  . 


If  the  concentration  of  P  is  always  small,  [DGEBA]  should  remain  effectively 
constant  throughout  the  reaction: 


dt 


kj  [P]  . 


so  that 


p 

y  •  exp(-  k^t)  , 
o 


where  P^  is  the  value  of  P  at  t  ■  0,  or 

(1  -  -  exp(-  k^t) 

o 

since  Pq  ■  L  +  P. 
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